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1 Introduction 
1.1 Anthracycline-induced cardiotoxicity 
1.1.1 Anthracyclines 
Anthracyclines are a group of antibiotic chemotherapy drugs that were isolated from 
Streptomyces peucetius for the first time in the 1960s (Arcamone et al. 1969). The World 
Health Organization lists anthracyclines, like doxorubicin and daunorubicin, in its Model 
List of Essential Medicines for the treatment of various hematological and solid tumors 
including common neoplasias like breast cancer, lymphomas and leukemia in adults and 
children (World Health Organization 2017).  
With one out of three people in first world countries being affected by cancer (Siegel. et al. 
2018) and increasing survival rates due to improved therapy regimen (Coleman et al. 2011), 
the number of people with an anthracycline treatment in their medical history will grow.  
1.1.2 Cardiotoxicity 
The clinical use of anthracyclines is limited because of an adverse effect. The momentous 
side-effect highly impairing patient outcome is the cardiotoxicity first described in the 
1970s (Middleman et al. 1971; Von Hoff 1979). Currently, there is no clear definition of 
anthracycline-induced cardiotoxicity (ACT), but the disease has been categorized based on 
the time after treatment at which cardiac effects occur into acute, early-onset and late-onset 
ACT (Tan et al. 2015). While the acute form appears to be pathologically independent, 
early-onset and late-onset ACT seem to belong to a single disease manifestation process 
resulting in chronic ACT (McGowan et al. 2017). 
Acute ACT occurs within the first hours or days after treatment. Clinically, patients present 
electrocardiographic abnormalities such as QT-interval changes, arrhythmias, different 
heart blocks or repolarization irregularities, ventricular dysfunction with a decrease of left 
ventricular ejection fraction (LVEF) and/or myocarditis-pericarditis syndrome (Gaudin et 
al. 1993; Singal 1998; Kilickap et al. 2005; Guglin et al. 2009). It is relatively benign and 
reversible with the discontinuation of chemotherapy. Incidence rates are highly variable due 
to the unclear definition of acute ACT, but generally low when compared to the other 
forms of ACT (Tan et al. 2015).  
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Chronic ACT, often split into early-onset and late-onset, is defined as a cumulative, dose-
dependent form of congestive heart failure resulting in a clinical presentation ranging from 
subclinical ventricular dysfunction to end-stage heart failure (Rahman et al. 2007). The 
consensus diagnosis of chronic ACT has been described as a decrease in LVEF of more 
than 10 points or <50 % (Ganz et al. 1993) with a highly variable latent period between 
anthracycline treatment and ACT manifestation of months to even decades (Steinherz et al. 
1991). Histopathological damage includes myofibril loss, increase in cardiomyocyte 
apoptosis and cardiac fibrosis (Unverferth et al. 1983; Doroshow et al. 1985), which leads 
to a degeneration of the left ventricle and the manifestation as a dilative cardiomyopathy 
(Carvalho et al. 2014). The incidence of chronic ACT is mainly influenced by the 
cumulative dosage of doxorubicin (DOX) or other anthracyclines. Retrospective studies 
reported symptomatic heart failure in 7 to 26 % of all patients treated with 550 mg/m2 
DOX and 18 to 48 % of patients treated with 700 mg/m2 DOX (Von Hoff 1979; Swain et 
al. 2003). Consequently, the lifetime cumulative doxorubicin-equivalent exposure was 
limited to 450 mg/m2 (McGowan et al. 2017). Still, recent studies following patients with 
suggested doses found symptomatic heart failure in 6 to 9 % of all cases (Lotrionte et al. 
2013; Cardinale et al. 2015). Further risk factors include pre-existing cardiac diseases, 
hypertension, age over 65 years or under 5 years, hyperlipidemia and mediastinal radiation 
therapy (Singal 1998; Kremer et al. 2002; Doyle et al. 2005).  
As lowering of treatment intensity means a decrease in chemotherapeutic potency, the 
search for prophylactic and/or therapeutic options is crucial for improving patient 
outcome.  
1.1.3 Prevention and therapy 
The search for cardioprotective measures against ACT has yielded little success so far. 
Various studied agents like carvedilol, valsartan, co-enzyme Q10, carnitine, n-acetylcysteine 
and vitamins A, C and E show inconclusive effectiveness in large systematic reviews (van 
Dalen et al. 2011). Only dexrazoxane, a derivate of EDTA, has been approved for 
cardioprotection in high-risk patients, although benefit and risk of side-effects have to be 
evaluated from case to case (Lipshultz et al. 2010). General measures like continuous 
infusion for 48 to 72 hours and use of liposomal DOX are recommended for certain types 
of cancer, but appear to be insufficient in inhibiting cardiotoxicity (Chung and Youn 2016). 
The most effective strategy for preventing heart failure is an early detection of 
cardiotoxicity and prevention of further progression to irreversible dilative cardiomyopathy 
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(Chung and Youn 2016). Diagnostic measures ranging from echocardiography to the 
evaluation of several biomarkers have been discussed with mixed results. Monitoring of 
cardiac function via strain and strain rate has been shown to be suitable for detection of 
subclinical changes in LVEF (Thavendiranathan et al. 2014) and cardiac imaging using 
magnetic resonance imaging (MRI) appears to catch inflammation and edema in early 
stages (Tamene et al. 2015). However, determined cardiac monitoring in post-
chemotherapy care remains to be implemented. While troponins seem promising in 
predicting cardiac damage (Cardinale et al. 2004), other biomarkers like brain natriuretic 
peptide show conflicting results (Daugaard et al. 2005). So far, the early detection remains 
challenging.  
Even if ACT is diagnosed early, therapeutic options are limited. Due to lack of studies 
there are no specific recommendations for the treatment of heart failure following 
anthracycline treatment (Tan et al. 2015). Therefore, heart failure due to ACT is handled 
similarly to heart failure of other origins. Treatment with pharmacologic agents including 
angiotensin-converting enzyme inhibitors, ß-blockers, vasodilators and diuretics is 
combined with lifestyle modifications. In end-stage heart failure, transplantation surgery is 
recommended for patients cured of cancer (Yancy et al. 2013). 
In order to improve the search for therapeutic and preventive strategies, a distinct 
understanding of molecular mechanisms causing anti-neoplasticity and cardiotoxicity is 
needed. 
1.1.4 Anti-neoplastic molecular mechanisms 
Even after 40 years of routine use in chemotherapy, molecular mechanisms of 
anthracyclines in cancer cells are still under discussion. Intercalation, alkylation and cross-
linking of DNA, inhibition of topoisomerase and free radical formation have been 
proposed early on (Gewirtz 1999).  
DOX is highly concentrated in the nucleus due to a transitioning pathway involving the 26s 
proteasome. It intercalates in the DNA double-strand and causes cross-links thereby 
inhibiting replication and transcription in the highly proliferating cells (Minotti et al. 2004).  
The enzyme topoisomerase II (TOP2) is located in the nucleus as well and plays a crucial 
role in replication and transcription by correcting twisted DNA by breaking and resealing 
the double helix. Binding of DOX to TOP2 leads to an interruption of the process in an 
intermediate state with cleavaged DNA covalently bound to TOP2 resulting in cell arrest 
and apoptosis (Binaschi et al. 2001). 
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Although high levels of reactive oxygen species (ROS) and resulting direct DNA damage 
was only found for supraclinical DOX concentrations (Gewirtz 1999), production of ROS 
can damage the cell in numerous ways, which will be further discussed in 1.1.5.1. 
1.1.5 Cardiotoxic molecular mechanisms 
The underlying mechanisms of ACT are still uncertain and the topic of research today. 
Lots of studies were performed in animal models and with focus on cardiomyocytes, but 
insights in human cells and tissue and especially beyond cardiomyocytes are scarce. 
So far, the most widely accepted mechanisms include the increase of ROS production, 
inhibition of TOP2β, the damage of mitochondrial DNA and the impairment of 
cardiomyocyte function (Figure 1). It appears that ACT manifestation is complex and 
multifactorial.  
 
Figure 1: Mechanisms of cardiotoxicity. Doxorubicin damages the cell in multiple ways. 
The generation of ROS leads to lipid peroxidation, DNA damage and induction of 
apoptosis. Also, the inhibition of TOP2 causes DNA damage and mitochondrial 
dysfunction. Lastly, doxorubicin has a negative impact on cardiomyocyte function like 
Ca2+handling and sarcomeric integrity. From Nitiss and Nitiss (2014), printed with 
permission of the American Association for Cancer Research. 
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1.1.5.1 ROS production 
The involvement of ROS in the development of ACT has been studied in animal models, 
cell culture and clinical studies (Doroshow et al. 1980; Nozaki et al. 2004; Ichihara et al. 
2007) and is discussed as the main pathomechanism differentiating cardiotoxicity from 
anti-neoplasticity (Tan et al. 2015). 
The oxidative stress theory is further supported as it provides at least a partial explanation 
for the fact that the heart is damaged while other organs are not. Cardiomyocytes contain 
large amounts of mitochondria, which are both source and target of DOX-induced ROS 
(Carvalho et al. 2014). Additionally, cardiomyocytes have a high oxygen consumption but 
low antioxidant capacity compared to other types of tissue, which are further depleted by 
DOX treatment (Doroshow et al. 1980; Kaiserová et al. 2007). 
Reactive oxygen species is a collective term for different molecules derived from oxygen. 
The term includes neutral molecules like hydrogen peroxide (H2O2), ions like superoxide 
(O2-) and radicals like hydroxyl radicals (·OH). The species transition into each other due to 
their high reactivity. At high concentrations, ROS react with proteins, lipids, carbohydrates, 
and nucleic acids causing alteration and damage, while at lower concentrations ROS fulfill 
functions of cell signaling (Brieger et al. 2012).  
Two ways of ROS production upon DOX treatment are known. The quinone moiety of 
anthracyclines can be reduced by electrons from different cellular oxidoreductases to a 
highly reactive semiquinone, which triggers a further redox cycle in the presence of oxygen 
ultimately resulting in ROS production (Carvalho et al. 2014) (Figure 2). Because of its 
redox potential of -320 mV, DOX is favorably reduced by the NADPH-dependent 
cytochrome P450 reductase, the NADH dehydrogenase of mitochondrial complex I, and 
nitric oxide synthases (Thornalley and Dodd 1985; Doroshow and Davies 1986; Vásquez-
Vivar et al. 1997). Also, anthracyclines can form metal coordination complexes with free 
metals like iron, triggering a Fenton-type reaction and reduction of oxygen (Demant and 
Jensen 2005). 
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Figure 2: Redox cycling of DOX. Univalent reduction (e-) of the quinone moiety of 
doxorubicin (top red square) forms a semiquinone radical (bottom red square), which 
can auto-oxidize via oxygen, generating superoxide anions, reverting to the initial 
compound. Modified from Carvalho et al. (2014), printed with permission from Wiley-
Blackwell. 
Oxidative stress damages the cardiomyocytes in multiple ways. ROS cause DNA damage 
(L’Ecuyer et al. 2006), degradation of the sarcomere (Fu et al. 1990) and mitochondrial 
dysfunction (Berthiaume and Wallace 2007). Mitochondrial dysfunction may be caused in 
part by the high affinity of cardiolipin to ROS, a phospholipid in the inner membrane of 
the mitochondria that is part of energy metabolism (Tokarska-Schlattner et al. 2006). 
1.1.5.2 Topoisomerase-II inhibition 
Recently, the inhibition of TOP2 has been discussed as a leading cause of ACT. While the 
isoform TOP2α is lacking in the heart and is overexpressed in cancer cells, the isoform 
TOP2β is constantly expressed in the heart throughout the cell cycle. Unfortunately, 
anthracyclines target both isozymes (Wang 2002). The theory is supported by animal 
studies with TOP2β knockout mice that found a protective effect of TOP2β absence 
against ACT (Lyu et al. 2007; Zhang et al. 2012). Furthermore, it may explain the inefficacy 
of other chelators except for dexrazoxane, as dexrazoxane also inhibits binding of 
anthracyclines to TOP2β (Lyu et al. 2007). Anthracyclines binding to TOP2β has been 
shown to trigger mitochondrial dysfunction through suppression of the peroxisome 
proliferator-activated receptor, which regulates oxidative metabolism (Finck and Kelly 
2007). This appears to ultimately lead to the activation of p53 and increased apoptosis, β-
adrenergic signaling and impaired Ca2+-handling (Tewey et al. 1984).  
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1.1.5.3 Mitochondrial DNA damage 
The mitochondrial DNA encodes a small number of proteins involved in oxidative 
phosphorylation. On top of mitochondrial dysfunction caused by disruption of energy 
metabolism at the mitochondrial membrane, both ROS generation and TOP2β inhibition 
also damage the mitochondrial DNA. As damage to the mitochondria further leads to the 
generation of ROS and the release of pro-apoptotic molecules this makes mitochondria 
both target and source of cardiotoxicity caused by anthracyclines (Nitiss and Nitiss 2014). 
Recently, it was found that knockout mice without mitochondrial topoisomerase I 
(TOP1mt) were significantly more susceptible to DOX-induced damage as it appeared to 
increase the reliance on TOP2β (Khiati et al. 2014). Furthermore, alterations to 
mitochondrial DNA were found in human cardiomyocytes, but not in skeletal muscle, of 
deceased ACT patients (Lebrecht et al. 2005). This indicates that the cycle of damage to the 
mitochondrial DNA leading to ROS generation and vice versa may accumulate over time 
and explains the years of latency leading up to congestive heart failure (Carvalho et al. 
2014). 
1.1.5.4 Impairment of cardiac function 
Ultimately, the multifactorial and complex pathomechanisms of cardiotoxicity lead to the 
impairment of cardiac function. On the one hand, cardiomyocytes go into apoptosis due to 
ROS-dependent and -independent mechanisms (Arola et al. 2000). On the other hand, 
anthracyclines appear to directly impair cardiomyocyte function by disturbing 
Ca2+homeostasis and damaging structural integrity.   
The sarcomeric reticulum is severely disrupted in function via inhibition of the 
Ca2+-ATPase, direct activation of the ryanodine receptor and an increase in expression of 
SERCA2a. This leads to electrophysiological disorder and an increase in intracellular Ca2+ 
(Ondrias et al. 1990; Saeki et al. 2002). The excess Ca2+ has also been shown to activate 
calcium-activated proteases called calpains, which leads to the degradation of the 
sarcomeric protein titin. As a result, elastic properties are lost and myofibrillar disarray 
occurs (Lim et al. 2004). 
As of late, non-cardiomyocyte cells in the heart including cardiac fibroblasts, endothelial 
cells and cardiac progenitor cells have increasingly been studied in ACT research. It appears 
that anthracycline treatment has a negative impact on the number of cardiac progenitor 
cells impairing myocyte turnover (Angelis et al. 2010). Furthermore, fibrosis found in the 
tissue of end-stage heart failure ACT patients might be caused in part by activation of 
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cardiac fibroblasts due to chemotherapy (Cappetta et al. 2016). Investigation of non-
cardiomyocyte pathophysiology of ACT may give further insights into the complex disease. 
1.1.6 Associated gene mutations 
Even after considering cumulative dosage and potential risk factors, ACT development still 
shows high inter-individual variability. It therefore stands to reason that predisposing 
genetic mutations might explain the variation in ACT incidence. The establishing of 
associated mutations might open the chance of pretherapeutic risk stratification and could 
possibly provide further insights into disease pathomechanisms.  
A study with 109 ACT patients from the German non-Hodgkin lymphoma study first 
reported single nucleotide polymorphisms (SNPs) in NADPH oxidase subunits to be 
significantly associated with ACT manifestation (Wojnowski et al. 2005). Since then, several 
studies have investigated the role of genetic variants in ACT. A systematic review and 
meta-analysis from 2017 including 7,092 patients in 28 different studies from 2005 till 2016 
found mutations in the genes CYBA and RAC2 to significantly increase the risk of ACT 
(Leong et al. 2017). An NCF4 mutation has also been described as a predisposing factor, 
but results from systematic reviews are conflicting (Reichwagen et al. 2015). 
The cytochrome b-245, alpha polypeptide (CYBA) gene encodes the NADPH oxidase subunit 
p22phox, an integral component of the functioning enzyme complex for most isoforms. 
The ACT-associated SNP rs4673 is a missense mutation leading to tyrosine replacing 
histidine at position 72, which is not affecting the binding between NOX and p22phox in 
Cos7 or CHO cells (Biberstine-Kinkade et al. 2002). Contradicting functional 
consequences, both activation in neutrophils (Shimo-Nakanishi et al. 2004) and inactivation 
in human vascular cells (Guzik et al. 2000) of the SNP have been reported.  
The ras-related C3 botulinum toxin substrate 2 (RAC2) gene encodes the protein RAC2, which 
is needed for assembly and activation of certain NADPH oxidases. The SNP rs13058338 is 
located in an intron and has been shown to lead to an increase of mRNA expression of 
RAC2 and NCF4 in whole human blood (Schirmer et al. 2008). 
Lastly, the neutrophil cytosolic factor 4 (NCF4) gene encodes the protein p40phox. In its 
phosphorylated state p40phox acts as an inhibitor of oxidase activity (Lopes et al. 2004). 
The SNP rs8187710 lies in a putative promoter of the gene. Although direct functional 
consequences remain to be found, the SNP has been described to be associated with 
cardiac fibrosis in humans (Cascales et al. 2013). 
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Even though the study of effects caused by the associated SNPs is unclear and confusing at 
times, the NADPH oxidase appears to be worth further investigation to deepen the 
understanding of molecular mechanisms of ACT.  
1.1.7 NADPH oxidase 
The enzyme containing the associated SNPs described in 1.1.6 is the membrane-bound 
multi-subunit enzyme complex called nicotinamide adenine dinucleotide phosphate-oxidase 
or short NADPH oxidase. The fact that the function of NADPH oxidases is the 
production of ROS further adds to the implication of it being involved in ACT 
development and predisposition. Of the seven isoforms discovered so far (Brandes et al. 
2014), Nox2 and Nox4 are expressed in the heart (Figure 3). Physiological functions 
include ROS signaling for endothelial cell migration, angiogenesis, vascular tension, smooth 
muscle growth and inflammatory response (Cave et al. 2006; Zhang et al. 2013), but the 
mediation of various pathological changes in the heart has been described as well.  
 
Figure 3: Schematic representation of NADPH oxidase 2 and 4 and their subunits. 
Catalytic subunits Nox2 and Nox4 are bound to p22hox (CYBA) in the membrane. The 
activation of Nox2 is achieved by the further assembly of the cytosolic complex consisting 
of p40phox, p47phox, p67phox and Rac2. The electron provided by NADPH is used to 
create superoxide or hydrogen peroxide. Modified from Zhang et al. (2013), printed with 
permission from Mary Ann Liebert, Inc. 
Nox2 is located at the plasma membrane and produces superoxide. The catalytic subunit of 
Nox2, also called gp91phox, is bound to and stabilized by the subunit p22phox (Rotrosen 
et al. 1992). The complex, also called cytochrome b558, remains inactive in the membrane 
until the assembly of the further subunits p47phox, p67phox, p40phox and Rac2 from the 
cytosol. The cytosolic subunits activate the membrane complex upon phosphorylation of 
p47phox via various stimuli (Babior 1999). The involvement of Nox2 in heart failure has 
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been assessed for several pathomechanisms including ACT characteristic pathologies as 
cardiomyocyte apoptosis and cardiac fibrosis (Johar et al. 2006; Hayashi et al. 2008; 
Gilleron et al. 2009). ROS derived from Nox2 has been reported to contribute to ACT via 
contractile dysfunction, myocardial atrophy, apoptosis and interstitial fibrosis in a mouse 
model (Zhao et al. 2010) and in vitro (Gilleron et al. 2009; Ma et al. 2013). 
The location of Nox4 has been discussed to be in the membrane of the endoplasmic 
reticulum, mitochondria or the nucleus (Lassègue et al. 2012). The catalytic subunit Nox4 is 
also bound to and stabilized by p22hox, but is constitutively active and regulated through 
expression in its production of hydrogen peroxide (Martyn et al. 2006). While still up to 
debate, Nox4 appears to act cardioprotective in heart damage (Zhang et al. 2010). 
1.2 Human cardiac fibroblasts 
As the cell type responsible for contractility, cardiomyocytes have been the focus of ACT 
research. However, they make up only 30 to 40 % of the cardiac cell population (Porter 
and Turner 2009). The most abundant non-cardiomyocyte cells in the heart are cardiac 
fibroblasts (cFBs) and they are most commonly known for the production and regulation 
of the extracellular matrix (ECM). With the secretion of collagens, fibronectins and matrix 
metalloproteinases the cardiomyocytes are embedded in an organized structure, ensuring 
cardiac functionality (Martin and Blaxall 2012). More and more functions of cFBs and the 
ECM are discovered implicating a bigger contribution in cardiac homeostasis (Figure 4).  
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Figure 4: Functions of cardiac fibroblasts. Roles in chemical and mechanical signaling, 
electrical coupling of cardiomyocytes, contractile force distribution and induction of 
angiogenesis have been reported. From Krenning et al. (2010), printed with permission 
from Wiley-Blackwell. 
1.2.1 Myofibroblasts and cardiac fibrosis 
However, cFBs also contribute to pathologies of the heart. Cardiac injury or stress leads to 
an excessive proliferation and transdifferentiation of cFBs into myofibroblasts (van 
Nieuwenhoven and Turner 2013). Pathways of fibroblast activation include several 
biochemical signaling molecules such as transforming growth factor ß1, angiotensin II, 
endothelin-1 and platelet-derived growth factor produced by cardiomyocytes, cFBs and 
inflammatory cells (Leask 2015). Myofibroblasts are differentiated by the expression of 
contractile proteins and augmented proliferatory and secretory capabilities leading to 
reparative healing of the myocardium (Deb and Ubil 2014). Chronic myofibroblast 
activation on the other hand can cause continuing ECM production and fibrotic 
remodeling (Weber et al. 2013). 
An excessive production of ECM leading to cardiac fibrosis contributes to heart failure of 
various origins including ACT (Unverferth et al. 1983). Cardiac fibrosis can be divided into 
two forms: reactive fibrosis and replacement fibrosis. While reactive fibrosis affects the 
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whole heart and is linked to a reduction of myocardial mass, replacement fibrosis is a 
restoration of dead cardiomyocytes with ECM (Anderson et al. 1979). Either form leads to 
ventricular stiffening, arrhythmogenicity and myocyte ischemia ultimately causing 
impairment of diastolic and systolic function (Porter and Turner 2009). 
1.2.2 Role in ACT 
The contribution of cardiac fibroblasts to ACT manifestation via fibrosis has been reported 
early on (Unverferth et al. 1983). Recently, novel mechanisms of cFBs in ACT 
development have been reported. The ataxia telangiectasia mutated (ATM) kinase in cFBs 
might regulate ACT-related damage through ROS production (Zhan et al. 2016) and loss of 
the multidrug resistance-associated protein 1 has been shown to potentiate anthracycline 
damage in cardiac fibroblasts (Zhang et al. 2016). Furthermore, the activation of cFBs to 
myofibroblasts via transforming growth factor ß1 signaling has been reported to be 
mediated by the NADPH oxidase 4 (Cucoranu et al. 2005), which in turn might contribute 
to ACT manifestation, as described in 1.1.7. 
Still, the role of cFBs in ACT development is scarcely investigated. Especially a potential 
involvement in mechanisms of ACT like ROS production and the NADPH oxidase 
remains to be analyzed. 
1.3 Aim of  this thesis 
The aim of this thesis is to investigate the role of cardiac fibroblasts in the development of 
ACT in terms of NADPH oxidase subunit expression and ROS production. Fresh left 
ventricle tissue was obtained from a patient with ACT and a patient with a dilative 
cardiomyopathy (DCM) of a genetic origin for isolation of cardiac fibroblasts. 
Additionally, frozen cardiac tissue from five ACT patients, three DCM patients and three 
healthy non-failing controls (NF) were to be used to analyze the degree of fibrosis and 
possible changes in NADPH oxidase subunit expression in chronic heart failure and 
chronic ACT. 
Scientific and technical objectives: 
1. Quantification of fibrosis in cardiac tissue of chronic ACT and DCM patients. 
2. Isolation of human cardiac fibroblasts from fresh left ventricle tissue. 
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3. Characterization of the isolated cells for properties and markers typical for cardiac 
fibroblasts 
4. Analysis of the acute reaction of cardiac fibroblasts to anthracycline treatment in 
terms of NADPH oxidase subunit expression on mRNA and protein level. 
5. Analysis of NAPDH oxidase subunit expression in cardiac tissue of chronic ACT 
and DCM patients on mRNA and protein level. 
6. Measurement of anthracycline-induced ROS production in cardiac fibroblasts 
Working hypotheses: 
1. Human cardiac fibroblasts can be isolated from human cardiac tissue and 
maintained in culture  
2. Cardiac fibroblasts differ from skin fibroblasts in their acute reaction to 
anthracycline treatment in terms of increased ROS production and change of 
NADPH oxidase subunit expression. 
3. Cardiac fibroblasts from the ACT patient are more sensitive to anthracycline 
treatment than cardiac fibroblasts from the DCM patient. 
4. NADPH oxidase subunit expression varies between ACT patients, DCM patients 
and healthy controls 
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2 Materials and methods 
2.1 Materials 
2.1.1 Cell lines 
Human cardiac fibroblasts (CF) 
CF ACT 4: Isolated from cardiac tissue of the left ventricle after heart transplantation 
surgery of a 65-year-old female patient with an anthracycline-induced cardiomyopathy 
following chemotherapy treatment of a mammary carcinoma, Department of Cardiology 
and Pneumology, University Medical Center Göttingen 
CF DCM 1: Isolated from cardiac tissue of the left ventricle after heart transplantation 
surgery of a 44-year-old male patient with a genetic dilative cardiomyopathy without 
chemotherapy in the patient’s history, Department of Cardiology and Pneumology, 
University Medical Center Göttingen 
CF healthy: Provided by PromoCell (Heidelberg) #C-12375  
CF 3: Isolated from cardiac tissue of the left ventricle of a 19-year-old male patient with a 
restrictive cardiomyopathy, Department of Cardiology and Pneumology, University 
Medical Center Göttingen 
CF 4: Isolated from cardiac tissue of the left ventricle of a 24-year-old male patient with a 
genetic dilative cardiomyopathy, Department of Cardiology and Pneumology, University 
Medical Center Göttingen 
CF 5: Isolated from cardiac tissue of the left ventricle, Department of Cardiology and 
Pneumology, University Medical Center Göttingen 
CF 6: Isolated from cardiac tissue of the left ventricle, Department of Cardiology and 
Pneumology, University Medical Center Göttingen 
CF 7: Isolated from cardiac tissue of the left ventricle of a 48-year old male, Department of 
Cardiology and Pneumology, University Medical Center Göttingen 
Human skin fibroblasts (SF) 
SF: Isolated from a skin biopsy of the same patient as CF DCM 1 
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2.1.2 Human cardiac tissue 
ACT4: Left ventricle tissue of a 65-year-old female patient with an anthracycline-induced 
cardiomyopathy following chemotherapy of a mammary carcinoma obtained after heart 
transplantation surgery, Department of Cardiology and Pneumology, University Medical 
Center Göttingen 
ACT5: University Medical Center Göttingen, tissue bank sample 698. Left ventricle tissue 
of a 54-year-old male patient with a dilative cardiomyopathy following anthracycline 
chemotherapy of an Ewing sarcoma 
ACT6: University Medical Center Göttingen, tissue bank sample 683. Left ventricle tissue 
of a 53-year-old female patient with a dilative cardiomyopathy following anthracycline 
chemotherapy of a Wilms tumor 
ACT7: University Medical Center Göttingen, tissue bank sample 693. Left ventricle tissue 
of a 16-year-old male patient with a dilative cardiomyopathy following anthracycline 
chemotherapy of a B-cell non-Hodgkin gastric lymphoma 
ACT8: University Medical Center Göttingen, tissue bank sample 734. Left ventricle tissue 
of a 43-year-old male patient with a dilative cardiomyopathy following anthracycline 
chemotherapy. Tumor unknown.  
DCM1: Left ventricle tissue of a 44-year-old male patient with a genetic dilative 
cardiomyopathy, Department of Cardiology and Pneumology, University Medical Center 
Göttingen 
DCM2: University Medical Center Göttingen, tissue bank sample 723. Left ventricle tissue 
of a 50-year-old male patient with a dilative cardiomyopathy following a chronic active 
myocarditis 
DCM3: University Medical Center Göttingen, tissue bank sample 719. Left ventricle tissue 
of a 45-year-old male patient with a dilative cardiomyopathy following an idiopathic 
eosinophilic myocarditis 
DCM4: University Medical Center Göttingen, tissue bank sample 689. Left ventricle tissue 
of a 52-year-old female patient with a genetic dilative cardiomyopathy 
NF1 – 4: Left ventricle non-failing tissue, Department of Cardiology and Pneumology, 
University Medical Center Göttingen 
All procedures were conducted in compliance with the Institutional Ethical Committee, 
University Medical Center Göttingen, Application: DOK_305_2015. The human samples 
were achieved in compliance with the local ethical committee (Az. 31/9/00) and written 
informed consent was received from the participant before inclusion. The study conforms 
to the World Medical Association declaration of Helsinki.  
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2.1.3 Media, solutions and factors for cell culture 
Table 1: Cell culture material 
Name Supply source 
Bovine albumin fraction V solution (BSA, 7.5 %)  Thermo Fisher Scientific #15260037 
Dimethyl sulfoxide (DMSO)  Sigma-Aldrich #D2650 
DMEM Thermo Fisher Scientific #11960044 
Doxorubicin hydrochloride  Sigma-Aldrich #D1515 
DPBS Thermo Fisher Scientific #14190144 
Ethylenediaminetetraacetic acid (EDTA)  Sigma-Aldrich #E6758 
Fetal bovine serum (FBS) Sigma-Aldrich #F7524 
L-glutamine (200 mM)  Thermo Fisher Scientific #25030024 
Non-essential amino acids (NEAA)  Thermo Fisher Scientific #11140035 
Recombinant human basic fibroblast growth 
factor (hbFGF) 
PeproTech #100-18B 
ß-Mercaptoethanol (ß-ME) Serva Electrophoresis #28625 
Tris Roth #5429 
Trypsin (1:250) Thermo Fisher Scientific # 27250018 
 
BSA (0.1 %): BSA (7.5 %) diluted 1:75 with DPBS and stored at 4 °C 
ß-ME (100x): 7 µl diluted in 10 ml DPBS, sterile filtrated and stored at 4 °C 
hbFGF: 100 mg dissolved in 1 ml of 5 mM Tris and stored at -20 °C. For use in cell 
culture the stock was diluted 1:10 with 0.1 % BSA for a working concentration of 10 ng/µl 
and stored at 4 °C  
EDTA (50x): 1 g EDTA dissolved in 100 ml DPBS, pH adjusted to 7, sterile filtrated and 
stored at 4 °C 
FBS: heat inactivated at 60 °C for 30 min 
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Trypsin (0.2 %): 1 g Trypsin dissolved in 1 l DPBS, sterile filtrated and stored at 4 °C 
Human fibroblast medium (HFBM): 87 ml DMEM, 10 ml FBS, 1 ml L-glutamine, 1 ml 
NEAA, 1 ml ß-ME and freshly added hbFGF 1 µg/ml, stored at 4 °C for up to four weeks 
0.1 % Trypsin/EDTA (T/E): 50 ml 0.2 % Trypsin, 49 ml DPBS, 1 ml 50x EDTA, 
stored at 4 °C 
Freezing medium: 8 ml HFBM, 2 ml DMSO, hbFGF 2 µg/ml 
2.1.4 Disposable articles 
Table 2: Disposable material 
Name Supply source 
10-cm dish, TC-treated  CytoOne Starlab #CC7682-3394 
12-well plate, TC-treated  CytoOne Starlab #CC7682-7512 
6-cm dish, TC-treated  CytoOne Starlab #CC7682-3359 
6-well plate, TC- treated  CytoOne Starlab #CC7682-7506 
96 -well microplate, black  Berthold Technologies #23302 
Cell scraper: 2-Posit. Blade 25  Sarstedt #83.1830 
Coverslips round 25 mm R. Langenbrinck #01-0025/2 
CryoTube Vials Thermo Fisher Scientific #377224 
Filter tips: 0.1–1000 µL  Starlab #S1120-3810, #S1122-1830, 
#S1120-1840 
Microcentrifuge Polypropylene Tube Beckman Coulter #357448 
Multiplate 96-Well PCR Plate, clear Bio-Rad #mll9601 
Object slides (76 x 26 mm) Thermo Fisher Scientific #10143562C 
PCR Plate Heat Seal Bio-Rad #1814030 
Pipettes: 5 mL, 10 mL, 25 mL  Sarstedt #86.1253.001, 
#86.1254.001, #86.1685.001 
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Name Supply source 
Polypropylene Screw Neck Vial, with Cap and 
PTFE/silicone Septum 
Waters #186002640 
Stericup-HV (0.45 µm) Merck Millipore #SCHVU05RE 
Steriflip-GP (0.22 µm) Merck Millipore #SCGP00525 
 
2.1.5 Commercial kits 
Table 3: Commercial kits 
Name Supply source 
Amplex Red Hydrogen Peroxide/Peroxidase 
Assay Kit 
Thermo Fisher Scientific #A22188 
Immobilon Western Chemiluminescent HPR 
Substrate 
Milipore #WBKLS0500 
Maxwell 16 cell DNA purification kit  Promega #AS1020 
Pierce Coomassie Plus (Bradford) Assay Kit Thermo Fisher Scientific #23236 
QIAquick gel extraction kit  Qiagen #28706 
ReliaPrep RNA Tissue Miniprep System Promega #Z6110 
SV total RNA isolation system  Promega #Z3105 
Trans-Blot Turbo RTA Mini Nitrocellulose Transfer Kit Bio-Rad #1704270 
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2.1.6 Buffers, solutions and chemicals for molecular biological analysis 
Table 4: Molecular biology material 
Name Supply source 
4′, 6-Diamidino-2-phenylindole dihydrochloride 
(DAPI) 
Sigma-Aldrich #D9542 
Ammonium persulfate (APS)  Roth #9178 
Boric acid  Sigma-Aldrich #15663 
cOmplete (protease inhibitor cocktail tablets)  Roche #04693132001 
Dithiothreitol (DTT)  Roth #6908 
dNTP mix  Bioline #BIO-39029 
Fluoromount-G  eBioscience #00-4958-02 
Gelatin  Sigma-Aldrich #48720 
GeneAmp 10X PCR Puffer II & MgCl2  Thermo Fisher Scientific #4379878 
GeneRuler 100 bp Plus DNA Ladder  Thermo Fisher Scientific #0321 
Glycine  Roth #3908 
GoTaq G2 DNA polymerase  Promega #M7845 
Hydrochloric acid fuming 37 % (HCl)  Merck Millipore #100317 
IGEPAL CA-630  Sigma-Aldrich #I3021 
Isopropanol  Merck Millipore #109634 
Laemmli Sample Buffer (4x) Bio-Rad #161-0747 
Magnesium chloride (MgCl2)  Sigma-Aldrich #M8266 
Methanol  Merck Millipore #106009 
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Name Supply source 
Midori Green Advance  Biozym #617004 
MuLV reverse transcriptase (50 U/µl)  Thermo Fisher Scientific #N808-0018 
Non-fat dry milk  Roth #T145 
Nuclease-free water  Thermo Fisher Scientific #AM9932 
Oligo d(T)16 (50 µM)  Thermo Fisher Scientific #N808-0128 
Paraformaldehyde (PFA) Sigma-Aldrich #158127 
peqGold universal agarose  Peqlab #35-1020 
PhosStop (phosphatase inhibitor cocktail tablets)  Roche #04906837001 
Ponceau S solution Sigma-Aldrich # P7170-1L 
Potassium chloride (KCl)  Sigma-Aldrich #P9541 
RNase inhibitor (20 U/µl)  Thermo Fisher Scientific #N808-0119 
Rotiphorese gel 30  Roth #3029 
Sodium chloride (NaCl)  Roth #9265.1 
Sodium dodecyl sulfate (SDS)  Roth #2326 
Sodium fluoride (NaF)  Roth #P756 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich #S6508 
SYBR Green PCR Master Mix  Thermo Fischer Scientific #4309155 
Tetramethylethylenediamine (TEMED)  Roth #2367 
Triton X-100  Sigma-Aldrich #3051.3 
Tween 20  Bio-Rad #170-6531 
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TB-Buffer (5x): 54 g Tris, 27.5 g boric acid, filled up to 1 l with dH2O 
Agarose gel (1.5 %): 1.5 g Agarose dissolved in 100 ml 1x TB-Buffer, after boiling in 
microwave 0.07 µl/ml Midori Green was added for visualization under UV-light 
DAPI: Stock solution: 2 mg DAPI dissolved in 1 ml dH2O, stored at 4 °C. Diluted 1:500 
in 1 % BSA for working solution 
PFA (4 %): 4 g PFA dissolved in 100 ml DPBS, stored at -20 °C 
Triton X-100 (0.1 %): 1 µl Triton X-100 diluted in 999 µl DPBS 
Tris-HCl pH 7.4 (2 M): 12.114 g Tris dissolved in 100 ml dH2O, pH adjusted to 7.4 with 
HCl 
Cell lysis buffer: 100 µl 2M Tris-HCl pH 7.4, 500 µl 4M NaCl, 1 ml 200 mM NaF, 1 ml 
10 % Igepal, 100 µl 100 mM Na3VO4, 100 µl 1 mM DTT, 1 tablet of PhosStop, 1 tablet of 
cOmplete, 5.2 ml dH2O, always prepared fresh under exclusion of light 
TBS-Buffer (10x): 24.2 g Tris, 29.24 g NaCl, filled up to 1 l with dH2O 
TBST-Buffer (1x): 100 ml 1x TBS-Buffer, 900 ml dH2O, 1 ml Tween 20 
Tris-HCl/SDS, pH 6.8: 6.05 g Tris and 0.4 g SDS dissolved in 100 ml dH2O, pH 
adjusted to 6.8 with HCl 
Tris-HCl/SDS, pH 8.8: 18.2 g Tris and 0.4 g SDS dissolved in 100 ml dH2O; pH 
adjusted to 8.8 with HCl 
APS (10 %): 10 g APS dissolved in 100 ml H2O, stored at -20 °C 
10% separating gel: 4 ml Acrylamide, 3 ml Tris-HCl/SDS pH 8.8, 5 ml H2O, 48 µl 10 % 
APS, 18 µl TEMED, gently mixed and immediately poured 
Stacking gel: 1 ml Acrylamide, 1.88 ml Tris-HCl/SDS pH 6.8, 4.62 ml H2O, 37.5 µl 10% 
APS, 15 µl TEMED 
Running buffer: 3 g Tris, 14.4 g Glycine and 1 g SDS, filled up to 1 l with dH2O 
Milk (5 %): 5 g non-fat dry milk dissolved in 100 ml dH2O 
2 Materials and methods 22 
2.1.7 Buffers, solutions and chemicals for analysis of reactive oxygen species 
Table 5: ROS analysis material 
Name Supply source 
Acetonitrile (HPLC-grade) Merck # 100017 
Amplex Red reagent Thermo Fisher Scientific # A12222 
Dihydroethidium (DHE) Sigma-Aldrich #D7008 
Horseradish peroxidase (HRP) Thermo Fisher Scientific # 31491B 
Nicotinamide adenine dinucleotide phosphate (NADPH) Sigma-Aldrich #N5130 
Superoxide dismutase (SOD) Sigma-Aldrich #S9697 
Trifluoroacetic acid Merck # 113363 
 
Lysis buffer for membrane fractions: 605 mg Tris, 3 mg EDTA, fill up to 100 ml with 
dH2O and adjust pH to 7.4 with HCl 
Amplex Red working solution 1: 1.6 µl 10 mM Amplex Red, 3.2 µl 10 U/ml HRP, 315.2 
µl 1x reaction buffer, always prepared fresh under exclusion of light 
Amplex Red working solution 2: 6.5 µl 10 mM Amplex Red, 13 µl 10 U/ml HRP, 630.5 
µl 1x reaction buffer, always prepared fresh under exclusion of light 
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2.1.8 Oligonucleotides 
Oligonucleotides for polymerase chain reaction (PCR) were purchased from Microsynth 
AG, Switzerland. Genes are listed in alphabetical order with sequence, length of amplified 
fragment in base pairs (F) and annealing temperature in °C (T) in Table 6 
Table 6: Oligonucleotides used for PCR 
Gene Sequence F T 
NCF4 For: 5'- ACAGGAAAATGGAGGCCAGC -3' 
Rev: 5'- ATTGAGGAAGTGGACCCTCG -3' 
252 60 
RAC2 For: 5'- TTGCCCTGAGAACCAAGACC -3' 
Rev: 5'- CGCTGCTATTTCATGGCTGG -3' 
299 60 
CYBA For: 5'- CAACCCTTTGGTGCTTGTGG -3' 
Rev: 5'- CAAGCCCTCCTGAGCCCTA -3' 
288 60 
 
Oligonucleotides for quantitive real-time polymerase chain reaction (qRT-PCR) were 
purchased from Microsynth AG, Switzerland. Genes are listed in alphabetical order with 
sequence and length of the amplified fragment in base pairs (F) in Table 7 
Table 7: Oligonucleotides used for qRT-PCR 
Gene Sequence F 
COL1A1 For: 5'-AGACAGTGATTGAATACAAAACCA-3' 
Rev: 5'-GGAGTTTACAGGAAGCAGACA -3' 
130 
CTGF For: 5'- TTGGCAGGCTGATTTCTAGG -3' 
Rev: 5'- GGTGCAAACATGTAACTTTTGG -3' 
193 
CYBA For: 5'- CAACCCTTTGGTGCTTGTGG -3' 
Rev: 5'- CAAGCCCTCCTGAGCCCTA -3' 
288 
FSP1 For: 5'-TCTTTCTTGGTTTGATCCTGACT-3' 
Rev: 5'-AGTTCTGACTTGTTGAGCTTGA-3' 
130 
GAPDH For: 5'- AGAGGCAGGGATGATGTTCT -3' 
Rev: 5'- TCTGCTGATGCCCCCATGTT -3' 
258 
NCF1 For: 5'- GTCCTGACGAGACGGAAGAC -3' 
Rev: 5'- TGACGTCGTCTTTCCTGATGA -3' 
171 
NCF2 For: 5'- CAGAAAGTGAACACCTTGGGG -3' 
Rev: 5'- GCCAAATCATATTTCTCTGTCTGGT -3' 
382 
NCF4 For: 5'- CCTCCTCAGTCGGATCAACAA -3' 
Rev: 5'- CTCCCAGGCCACAGACTTGAT -3' 
181 
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Gene Sequence F 
NOX2 For: 5'- GCAGCCTGCCTGAATTTCA -3' 
Rev: 5'- TGAGCAGCACGCACTGGA -3' 
93 
NOX4  For: 5'- GCAGGAGAACCAGGAGATTG -3' 
Rev: 5'- CACTGAGAAGTTGAGGGCATT -3' 
125 
P22PHOX For: 5'- GTACTTTGGTGCCTACTCCA -3' 
Rev: 5'- CGGCCCGAACATAGTAATTC -3' 
167 
POSTN For: 5'- ACAAGAAGAGGTCACCAAGGTC -3' 
Rev: 5'- CTTCCTCACGGGTGTGTCTC -3' 
109 
RAC1 For: 5'- ATG CAC CGC TAC GAC GTG A -3' 
Rev: 5'- CTT TTG CAC CCC TCC CAT TT -3' 
199 
RAC2 For: 5'- AAGAAGCTGGCTCCCATCACCTAC -3' 
Rev: 5'- AACACGGTTTTCAGGCCTCTCTG -3' 
113 
TCF21 For: 5'- CAACCTGACGTGGCCCTTTA -3' 
Rev: 5'- TGGTTCCACATAAGCGGCTC -3' 
86 
α-SMA For: 5'-AAGCACAGAGCAAAAGAGGAAT -3' 




Table 8: Primary antibodies 
Antigen Host, Isotype Dilution Supply source 
WB IF 
COL1 Rabbit, IgG - 1:3000 Abcam #ab34710 
GAPDH Mouse, IgG 1:500  Merck #MAB374 
NOX2 Mouse, IgG 1:2000  BD Transduction Laboratories #611414 
NOX4 Rabbit, IgG 1:2000  Abcam #ab109225 
RAC2 Mouse, IgG 1:1000  Sigma-Aldrich #SAB1404292 
SERCA Mouse, IgG 1:10000  Thermo Fisher Scientific #MA3-919 
α-SMA Mouse, IgG - 1:50 Sigma-Aldrich #A-2547 
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Table 9: Secondary antibodies 
Antigen Conjugate Host Dilution Supply source 
Mouse IgG AlexaFluor 488 Donkey 1:1000 Thermo Fisher Scientific #A-21202 
Rabbit IgG AlexaFluor 647 Goat 1:500 Thermo Fisher Scientific #A-31573 
Mouse IgG HRP Sheep 1:10000 GE Healthcare #NA9310-1ML 
Rabbit IgG HRP Donkey 1:10000 GE Healthcare #NA9340-1ML 
2.1.10 Hardware 
Table 10: Hardware 
Name Supply source 
Accu-jet pro Brand 
Balances: Extend ED153-CW, CPA225D  Sartorius 
BioPhotometer Eppendorf 
Centrifuges: 5810R, 5415D, 5415R  Eppendorf 
Cryo-Safe -1 °C freeze controller Bel Art 
DNA Maxwell 16 System  Promega 
HERACELL VIOS 160i CO2 Incubator  Thermo Fisher Scientific 
HPLC system with rheodyne injector, photodiode array 
detector (W2996) and fluorescence detector 
(W2475) 
Waters 
iCycler Thermal Cycler, iQ5 Multicolor Real-Time PCR 
Detection System 
Bio-Rad 
inoLab pH 7110  WTW 
MICCRA D-9 Homogenizer Miccra 
Microscopes: Axio Oberserver A1, Axio Oberserver Carl 
Z1, Primo Vert, Axiovert 25 
Zeiss 
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Name Supply source 
Milli-Q Reference Water preparation system Merck Millipore 
Mini-PROTEAN Tetra Vertical Electrophoresis Cell Bio-Rad 
Mithras2 LB 943  Berthold Technologies 
Molecular Imager ChemiDoc XRS+ Bio-Rad 
Neubauer improved counting chamber Marienfeld Superior 
Nova-Pak C18 column Waters 
Pipettes: Reference, Research plus (10/100/1000 µL)  Eppendorf 
Power Pac 3000-Power supply  Bio-Rad 
Sterile bench: Laminar air flow cabinet Heraeus Instruments 
Thermocycler 48  SensoQuest 
TL 100 Ultracentrifuge Beckmann 
Trans-Blot Turbo Transfer System Bio-Rad 
2.1.11 Software 
Table 11: Software 
Name Supply source 
AxioVision  Carl Zeiss 
ApE M. Wayne Davids 
Chromeleon 6.8 chromatography data system Dionex 
Image Lab 6 Bio-Rad 
IQ optical system software  Bio-Rad 
Mikrowin 2000/2010  Mikrotek Laborsysteme GmbH 
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Name Supply source 
OlyVia Olympus 
Prism 6/7  GraphPad Software, Inc 
2.2 Methods 
2.2.1 Cell culture 
All cells were cultured under humidified conditions of 5 % CO2 and 20 % H2O at 37 °C. 
Cell culture work was done under sterile conditions in a laminar air flow sterile bench. 
2.2.1.1 Isolation and cultivation of human cardiac fibroblasts and skin fibroblasts 
Fresh human cardiac tissue from the left ventricle myocardium and tissue from the dermis 
section of a skin biopsy, each with a size of approximately 1 mm3 was plated on 6 cm cell 
culture dishes in human fibroblast medium (HFBM). To secure attachment and 
proliferation of the fibroblasts, the dish was left without medium change for one week, 
after which the tissue was removed. 
The obtained primary human cardiac and skin fibroblasts were continuously cultured in 
HFBM. Medium was changed every to every second day and the cells were passaged every 
3 - 6 days, depending on individual growth rate and passage. To achieve detachment, the 
cells were washed once with 0.1 % T/E and directly afterwards treated with 0.1 % T/E for 
30 - 60 seconds, depending on the cell line. The cells were then removed from the dish 
with HFBM and replated in appropriate dilution. 
2.2.1.2 Freezing of human fibroblasts 
To store the cells for long periods of time, they were frozen in liquid nitrogen. Two to four 
days after passage at around 85 % confluency the cells were detached as described in 
2.2.1.1, transferred into a 15 ml tube containing HFBM and centrifugated at 1000 rpm for 
5 min. The pellet was then resuspended in 1 ml freezing medium and transferred into a 
cryotube vial, which was placed in a Cryo-Safe -1 °C freeze controller. The box was frozen 
for 24 hours at -80 °C. Afterwards the vials were finally stored in liquid nitrogen. 
2.2.1.3 Thawing of human fibroblasts 
Recultivation of frozen cells was achieved by thawing the cryotube vial in a 37 °C water 
bath until only few ice crystals were still visible. The cell suspension was then transferred 
into a 15 ml tube containing 10 ml of cold HFBM, gently mixed and centrifuged at 1000 
rpm for 5 min. The pellet was resuspended in 1 ml HFBM and plated on appropriately 
sized cell culture dish. 
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2.2.1.4 Preparation of cell samples for analysis 
To preserve cell samples for later analysis, pellets were prepared and frozen. First, after 
possible treatments, the cells were washed 3 times with DPBS and suspended in 1 ml 
DPBS using a cell scraper. The suspension was then transferred to a 1.5 ml vial and 
centrifuged at 10000 rpm for 2 min. The supernatant was carefully removed and the 
remaining pellet snap-frozen in liquid nitrogen for a few minutes. Finally, the sample was 
stored at -80 °C. 
2.2.2 DNA isolation and sequencing 
To identify single nucleotide polymorphisms (SNPs) in the human cardiac tissue and in 
human fibroblasts, genomic DNA needed to be isolated from the tissue or cells. The 
Maxwell 16 DNA Purification Kit (Promega) was used with a Maxwell 16 instrument as 
described in the manufacturer’s protocol. Afterwards the DNA concentration was 
measured with a BioPhotometer at 260 nm. 
Next, a template containing the SNP site was amplified by PCR, as described in 2.2.3.4. 
The band with the expected size was then cut out and the DNA purified using the 
QIAquick gel extraction kit (Qiagen), as described in the manufacturer’s protocol.  
Finally, the sequencing was performed by Seqlab Sequencing Laboratories GmbH, 
Göttingen, and the generated chromatograms analyzed with ApE. 
2.2.3 Gene expression analysis 
For exploration of mRNA expression in the human fibroblasts and human cardiac tissue 
mRNA was first isolated from the cells, reverse transcribed into cDNA and finally analyzed 
by quantitive real-time PCR. 
2.2.3.1 mRNA isolation from human fibroblasts 
Either frozen pellets or fresh cells after 3 washing steps with DPBS were suspended in 
200 – 500 µl RNA lysis buffer. Total RNA was then purified using the SV total RNA 
isolation system (Promega), as stated by the manufacturer’s protocol. Next, RNA 
concentration and purity were measured with a BioPhotometer at 260 nm and 280 nm. 
Finally, the RNA samples were used for further analysis or frozen at -80 °C.  
2.2.3.2 mRNA isolation from human cardiac tissue 
First, an approximately 4mm³ big and approximately 8 - 15 mg heavy piece of tissue was 
cut off with a scalpel in a bath of liquid nitrogen filled into a bowl prepared of aluminum 
beforehand to avoid thawing. The piece was then transferred into a 1.5 ml reaction tube 
containing 500 µl of RNA lysis buffer and homogenized using the MICCRA D9-
Homogenizer. Three steps of homogenization were performed, each for 8 seconds and 
with cooling on ice for 1 min in between. The RNA was subsequently purified using the 
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ReliaPrep RNA Tissue Miniprep System (Promega), as stated by the manufacturer’s 
protocol and eluted in a volume varying between 15 µl and 30 µl. Next, RNA 
concentration and purity were measured with a BioPhotometer at 260 nm and 280 nm. 
Finally, the RNA samples were used for further analysis or frozen at -80 °C. 
2.2.3.3 Reverse transcription into cDNA 
In order to analyze mRNA expression, the RNA needed to be reverse transcribed into 
complementary DNA (cDNA) first. The components for a single reverse transcription 
(RT) were prepared as the following reaction mix: 
 100 ngRNA + Nuclease-free H2O 10.2 µl 
10x PCR buffer II 2 µl 
25 mM MgCl2 4 µl 
100 mM dNTPs 0.8 µl 
RNase Inhibitor (20 U/µl) 1 µl 
50 µM Oligo (dt)16 1 µl 
MuLV Reverse Transcriptase (50 U/µl) 1 µl 
Final volume 20 µl 
 
The RT reaction was performed in a thermal cycler (SensoQuest) running the following 
program: 
10 min   22 °C 
50 min   42 °C 
10 min   95 °C 
2.2.3.4 Polymerase chain reaction (PCR) 
To amplify certain cDNA templates of interest by PCR, the following reaction mix was 
prepared with the suitable primers: 
cDNA  2 µl 
5x Green GoTaq Reaction Buffer I  5 µl 
10 mM dNTPs  1.6 µl 
Primer forward (10 pmol/µl)  1 µl 
Primer reverse (10 pmol/µl)  1 µl 
GoTaq DNA Polymerase  0.1 µl 
Nuclease-free H2O  14.3 µl 
Final volume  25 µl 
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The PCR was performed in a thermal cycler (SensoQuest) running the following program: 
2 min   95 °C 
15 sec  95 °C 
15 sec  60 °C  35 repeats 
30 sec  72 °C   
10 min  72 °C 
To detect the amplified product, the DNA fragments were separated via agarose gel 
electrophoresis at 100 V for 45 min and visualized under UV-light. 
2.2.3.5 Quantitive Real-Time PCR (qRT-PCR) 
Quantification of mRNA expression was achieved by amplification of the cDNA template 
of interest and measuring fluorescence of the DNA-intercalating agent SYBR Green. The 
fluorescence signal in the sample was compared to a standard curve of known 
concentrations of the template and calculated to the starting quantity by the iQ5 software. 
First, the standard curve was prepared by performing a polymerase chain reaction as 
described in 2.2.3.5 with primers enveloping the gene of interest and purification of the 
product as described in 2.2.2. After measuring cDNA concentration, a serial dilution with 
standards ranging from 1 ng/µl to 1.25 fg/µl was prepared and frozen at -20 °C. 
For the measurement a reaction mix as described below was prepared for each well: 
cDNA 1 µl 
SYBR Green Mix  10 µl 
Primer forward (10 pmol/µl) 1 µl 
Primer reverse (10 pmol/µl)  1 µl 
Nuclease-free H2O  7 µl 
Final volume 20 µl 
 
For each sample and standard duplicates were measured as the cDNA was amplified using 
the following program: 
2 min   95 °C 
15 sec  95 °C 
10 sec  60 °C  40 repeats 
20 sec  72 °C   
10 min  95 °C 
10 sec  95 °C – 60 °C   [melting curve] 
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2.2.4 Western blot analysis 
To investigate protein expression in the human fibroblasts and the human cardiac tissue, 
total protein was isolated, separated by SDS-polyacrylamide electrophoresis, transferred to 
a nitrocellulose membrane and incubated with HRP-conjugated antibodies. 
2.2.4.1 Protein isolation 
The frozen cell samples were resuspended in 50–100 µl of cell lysis buffer, depending on 
pellet size. The human tissue was homogenized in 250 µl cell lysis buffer as described in 
2.2.3.2. After 30 min incubation on ice, the samples were centrifuged at 4 °C at 3000 rpm 
for 8 min. The supernatant containing the total protein was then transferred to a new 1.5 
ml tube. Protein concentration was measured using the Coomassie Plus (Bradford) Assay 
Kit (Thermo Fisher Scientific), as described in the manufacturer’s protocol.  Lastly, a mix 
containing 1 µg/µl of protein was prepared with Laemmli-buffer (see 2.1.6) and cell lysis 
buffer for electrophoresis and denaturated at 90 °C for 5 min. The samples were then 
frozen at -20 °C or used directly for further analysis. 
2.2.4.2 SDS-polyacrylamide electrophoresis 
Protein separation was achieved by loading 15 µl of the samples (15 µg) and 6 µl of protein 
ladder in separate wells in a gel consisting of stacking gel and 10 % separating gel, placed in 
a tank filled with running buffer. The electrophoresis was carried out at 15 mA per gel for 
90–120 min.  
2.2.4.3 Transfer and imaging 
The blotting of the separated protein onto the membrane was carried out using the Trans-
Blot Turbo RTA Mini Nitrocellulose Transfer Kit (Bio-Rad), as described in the 
manufacturer’s protocol. The membrane was subsequently stained with Ponceau red 
solution and washed with dH2O as a control of the successful transfer. Next, the 
membrane was blocked with 5 % milk for one hour, after which the first antibody in 1 % 
milk was incubated overnight at 4 °C. After three washing steps with TBST, 10 min each, 
the second antibody in 1 % milk was incubated for one hour at room temperature and 
washed away with TBST three times, 10 min each. Lastly, the protein-bound antibodies 
were visualized using the Immobilon western chemiluminescent HRP substrate (Millipore) 
in a Molecular Imager ChemiDoc XRS+ (Bio-Rad). 
2.2.5 Immunocytochemistry 
To visualize certain proteins on a cellular level, immunofluorescence analysis was 
performed. The cells were plated on round glass coverslips in a cell culture dish and 
cultured for a day. After washing the cells three times with DPBS, fixation was performed 
by a 20 minute incubation with 4 % PFA. Afterwards the cells were blocked in 1 % BSA 
for at least 24 hours at 4 °C.  
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The staining was performed with Triton X-100 added to the antibodies. After three 
washing steps with DPBS, the first antibody was added and incubated overnight at 4 °C. 
After another three washing steps with DPBS, the second antibody was added and 
incubated for one hour at room temperature. After another three washing steps with 
DPBS, the cells were stained with DAPI for 10 min at room temperature. Finally, the cells 
were washed again three times with DPBS and once with dH2O and subsequently mounted 
with Fluoromont-G on object slides and sealed with nail polish.  
The slides were stored at 4 °C in the dark and analyzed with a Zeiss AxioCam MRm 1.4MP 
camera. 
2.2.6 Amplex Red assay 
Extracellular hydrogen peroxide (H2O2) production of the human fibroblasts was assessed 
with the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen), as described 
in the manufacturer’s protocol. The change of colorless Amplex Red to fluorescent 
resorufin in the presence of HRP and H2O2 was measured with a Mithras2 LB 943 
platereader. An H2O2 standard curve was used to calculate extracellular H2O2 in the 
samples.  
2.2.7 Preparation of membrane fractions 
The human fibroblasts were plated on a 10-cm cell culture dish and cultivated to a 
confluence of around 85 % and a cell number of 1.5 – 3 million cells. After potential 
treatments, the cells were washed twice with cold DPBS and harvested in 500 µl of lysis 
buffer for membrane fractions with a cell scraper. Next, the sample was sonicated three 
times for 10 seconds each at 8 W. To separate intact cells, nuclei and mitochondria, the 
sample was centrifuged at 18000 rpm for 15 min. The supernatant was further centrifuged 
at 47000 rpm for 1 hour at 4 °C, which led to a pellet of membrane-enriched fraction that 
was frozen away at -80 °C and used for further experiments. 
2.2.8 DHE-HPLC 
To analyze superoxide production in the membrane fraction of the human fibroblasts, the 
turnover of dihydroethidium (DHE) to 2-hydroxyethidium (2-EOH) was measured by 
high-performance liquid chromatography (HPLC). DHE has been shown to react upon 
oxidation from different forms and sources of ROS into different compounds. When 
oxidized by superoxide, 2-EOH is formed, while the reaction with hydrogen peroxide and 
metal-based oxidizing systems leads to the formation of ethidium (Zhao et al. 2003; Fink et 
al. 2004). The compounds can then be measured by HPLC and the ratio of 2-EOH divided 
by DHE can be used to estimate the production of superoxide (Laurindo et al. 2008). 
Ten µg of the membrane fraction protein were incubated with 100 µM DHE for 30 min in 
the dark. Additionally, for each sample, three conditions were prepared and incubated 
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together with the DHE: 1) with 300 µM NAPDH, 2) without the NADPH, and 3) with 
500 U/ml SOD and 300 µM NAPDH. The reaction was then stopped on ice until HPLC 
injection, which was done over a period of 6 – 10 hours. Chromatographic separation was 
achieved in a gradient condition of acetonitrile and dH2O in a reversed-phase C18 column. 
The separated 2-EOH and DHE were measured by fluorescence detection at 510/595 nm.  
2.2.9 Quantification of fibrosis in human cardiac tissue 
The frozen cardiac tissue of ACT and DCM patients, as well as healthy controls was 
embedded and sliced by technician Sandra Berès-Georgie and stained with Masson’s 
trichrome staining in cooperation with the Department of Pathology of the University 
Medical Center Göttingen (Dr. Hanibal Bohnenberger). Next, the area of fibrosis was 
quantified in cooperation with the Department of Clinical Optical Microscopy (Gertrude 
Bunt, Andre Sasse). First the slides were scanned for virtual microscopy using a 20x 
objective (UPlanApo) with the dotSlide SL slide scanner (Olympus) and a peltier-cooled 
XC10 camera. Lastly, fibrotic areas were calculated by using the cellSens Dimensions 
software (Olympus). 
2.2.10 Statistical analysis 
In the following work, data is depicted as mean ± standard error of mean (SEM). For data 
sets consisting of two groups, the two-tailed Student's t-test was used. For data sets with 
more than two groups, one-way or two-way analysis of variance (ANOVA) was applied. 
Statistical significance is depicted as *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
Statistical analysis was done with Prism 7 (GraphPad). 
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3 Results 
3.1 Quantification of  fibrosis in human cardiac tissue 
To establish the importance of cardiac fibroblasts in the development and manifestation of 
anthracycline-induced cardiotoxicity and provide a segue into the work done in this study, 
human explant cardiac tissue of ACT patients and DCM patients of varying 
pathomechanisms, as well as healthy controls were quantified for fibrotic areas in relation 
to myocardium.  
Firstly, the tissue was stained with Masson’s trichrome staining in which collagen is stained 
in blue, while muscle tissue is stained in red (Figure 5). 
 
 
Figure 5: Typical stainings of human cardiac tissue. Cardiac tissue from the ACT-4 
patient (ACT), cardiac tissue from the DCM-3 patient (DCM) and healthy cardiac tissue 
(Healthy) after trichrome staining under light microscopy in 10x magnification. Scale bar: 
100 µm 
The stainings were subsequently analyzed for fibrotic areas and quantified in relation to 
myocardium.  
Fibrosis was significantly higher in ACT and DCM patients compared to healthy controls 
with a mean of 24.2 % fibrosis in ACT tissue, 23 % fibrosis in DCM tissue and 8.5 % 
fibrosis in healthy tissue (Figure 6). 
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Figure 6: Percentage of fibrotic areas in human cardiac tissue. Quantification of 
trichrome stainings of cardiac tissue from ACT patients (ACT, n=5 patients (biological 
replicates)), cardiac tissue from DCM patients (DCM, n=5) and healthy non-failing cardiac 
tissue (NF, n=4) showing increased fibrosis in the patient groups. Three technical 
replicates for each biological replicate. 
In conclusion, ACT and DCM patients show significantly larger fibrotic areas compared to 
healthy control tissue. 
3.2 Characterization of  human cardiac fibroblasts 
Human cardiac fibroblasts were obtained by plating fresh human cardiac tissue from the 
left ventricle muscle on a cell culture dish in human fibroblast medium. Attaching and 
proliferating cells were assumed to be human cardiac fibroblasts. As this method of 
isolation is not yet established to be highly specific for the proclaimed cell type, further 
characterization of the cells was warranted. This included morphology comparison, 
quantification of cell growth, analysis of gene expression and immunostaining. The isolated 
cells were from the ACT-4 patient (CF ACT) and the DCM-1 patient with a genetic 
background (CF DCM). As a positive control, healthy human cardiac fibroblasts obtained 
from PromoCell (CF Healthy) were used. Furthermore, skin fibroblasts from the DCM-1 
patient (SF), isolated from the dermis of a skin biopsy, were used as a negative control to 
discriminate the different types of fibroblasts. 
3 Results 36 
3.2.1 Morphology comparison 
The first step to characterize the presumable human cardiac fibroblasts was to compare 
their celluluar morphology under light microscopy. All four cell lines showed fibroblast 
characteristics such as large, roughly triangular cell bodies, large nuclei and irregular cell 
protrusions connecting the cells (Figure 7).  
 
Figure 7: Morphology of human fibroblasts. Healthy cardiac fibroblasts (CF Healthy), 
cardiac fibroblasts from the ACT-4 patient (CF ACT), cardiac fibroblasts from the DCM-1 
patient (CF DCM) and skin fibroblasts from the DCM-1 patient (SF) under light 
microscopy. Scale bar: 100 µm 
3.2.2 Quantification of cell growth 
As cardiac fibroblasts are the main cell type in the heart with the ability to grow, the 
assumption that attaching and growing cells should be cardiac fibroblasts had to be 
quantified. 500,000 cells were plated on 6 cm cell culture dishes and counted one, two and 
three days after plating to assess their proliferation capacities (Figure 8).  
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Figure 8: Quantification of cell growth. Proliferation capacity over three days of 
different human cardiac fibroblasts (n=7), cardiac fibroblasts of the ACT-4 patient (CF 
ACT) and cardiac fibroblasts of the DCM-1 patient (CF DCM). Cultivation and cell count 
of the additional cardiac fibroblasts were performed by technician Carmen Klopper. 
3.2.3 Gene expression 
Next, the cells were analyzed for mRNA expression of general fibroblast markers (Figure 9, 
A) and markers of cardiac fibroblasts (Figure 9, B) using qRT-PCR. The RNA from the 
cardiac fibroblast lines of ACT-4, DCM-1 and the healthy control was compared to RNA 
from induced pluripotent stem cell-derived cardiomyocytes (iPS-CM) and cardiac tissue 
(myocardium) to further discriminate the isolated cells from cardiomyocytes and to RNA 
from skin fibroblasts to assure cardiac origin. 



















































































































































Figure 9: Relative mRNA expression of fibroblast markers. qRT-PCR analysis of 
cultivated human cardiac fibroblasts from the ACT-4 patient (CF ACT), the DCM-1 
patient (CF DCM), cardiac fibroblasts of a healthy control (CF Healthy), iPS-
cardiomyocytes (iPS-CM), healthy human heart tissue (myocardium) and cultivated skin 
fibroblasts of the same DCM-1 patient (SF). GAPDH was used as reference gene. A: 
Expression of general fibroblast markers collagen type 1 (COL1A1) and fibroblast-specific-
protein-1 (FSP-1) showing that the isolated cells were fibroblasts. B: Expression of markers 
for cardiac fibroblasts transcription-factor-21 (TCF-21) and periostin (POSTN) discriminated the 
fibroblasts to be of the cardiac type. 
 
Cultivated cardiac fibroblasts in vitro behave like stressed cardiac fibroblasts in vivo with an 
increase in proliferation and production of extracellular matrix and are hence called 
myofibroblasts. The combination of TCF-21 and POSTN defines myofibroblasts against 
other types of fibroblasts. 
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3.2.4 Immunofluorescence staining 
The last method used for characterization was immunocytochemistry. The isolated and 
cultivated cells were stained for collagen1 (COL1) and α-smooth muscle actin (α-SMA) as 
proteins typical for fibroblasts (Figure 10). While all of the cells expressed COL1A1, α-
SMA was scarcely expressed in the skin fibroblasts. The high levels of α-SMA further point 
to the cultivated cardiac fibroblasts being myofibroblasts. 
 
Figure 10: Expression of fibroblast markers on protein level. Immunostaining of 
healthy cardiac fibroblasts (CF Healthy), cardiac fibroblasts from the ACT-4 patient (CF 
ACT), cardiac fibroblasts from the DCM-1 patient (CF DCM) and skin fibroblasts from 
the DCM-1 patient (SF) with antibodies against α-SMA and COL1. DAPI was used for 
nuclear staining. Scale bar: 50 µm. 
To conclude, cells were isolated from fresh human cardiac tissue, cultivated and 
characterized as cardiac fibroblasts for further experiments. 
3.3 NADPH oxidase genotype 
As described in 1.1.6, there are three SNPs in different subunits of the NADPH oxidase 
associated with ACT development that are potentially predisposing. The patient 
recruitment was done without knowledge of the patient’s genotype. To investigate the 
occurrence of the SNPs in the cardiac fibroblasts (Table 12) and the cardiac tissue (Table 
13) and potentially gain insights into effects, the patients were genotyped. Genomic DNA 
was isolated and used for sequencing (Figure 11).  
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Table 12: Genotypes of cardiac fibroblasts.  
 CYBA RAC2 NCF4 
CF ACT CT AA AA 
CF DCM CC AA GG 
SF Healthy CC TT GA 
The ACT-4 patient (CF ACT) was heterozygous or homozygous for all three SNPs 
associated with ACT manifestation, CYBA rs54673, RAC2 rs13058338 and NCF4 
rs8187710 (highlighted in bold). The DCM-1 patient (CF DCM) carried only the SNP for 
RAC2. Meanwhile, skin fibroblasts from a healthy control from a study by Haupt 2018 was 
homozygous for the wildtype allele in CYBA and RAC2 and heterozygous for NCF4. 
Table 13: Genotypes of cardiac tissue  
 CYBA RAC2 NCF4 
ACT4 CT AA AA 
ACT5 CC AA GG 
ACT6 CT AA AG 
ACT7 CT TA GG 
ACT8 CT AA AG 
All five ACT patients (ACT4-8) carried the SNP rs13058338 in RAC2, while the SNPs 
CYBA rs54673 and NCF4 rs8187710 vary between the patients. SNPs associated with 
ACT manifestation highlighted in bold. 
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Figure 11: Sequencing chromatograms of cardiac tissue of ACT-4. Genotype of 
cardiac tissue of patient ACT-4 for the SNPs in CYBA, RAC2 and NCF4. Nucleotide of 
interest framed. Depiction representative for all sequencing data. 
In summary, cardiac fibroblasts and cardiac tissue was genotyped for SNPs associated with 
ACT development in CYBA, RAC2 and NCF4. 
Three of the five ACT patients were positive for the SNPs in CYBA and NCF4, while all 
the ACT patients carried at least one mutated allele for RAC2. 
3.4 NADPH oxidase subunit expression 
Because of the associated SNPs and its role in the production of reactive oxygen species 
the NADPH oxidase has become a target of ACT research. In this work, the NADPH 
oxidase subunit expression was investigated using different approaches. Firstly, the 
immediate effect of DOX treatment on cardiac fibroblasts was analyzed. Secondly, cardiac 
tissue from patients with end-stage heart failure provided insight into NADPH oxidase 
subunit expression in the manifested chronic disease.  
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3.4.1 Acute reaction of human cardiac fibroblasts to DOX treatment 
Cultured cardiac fibroblasts of the ACT-4 patient and the DCM-1 patient and skin 
fibroblasts from the DCM-1 patient as a non-cardiac comparison were treated with DOX 
concentrations of 0.1 µM and 0.25 µM in human fibroblast medium for 24 hours.  
NADPH oxidase subunits NOX2, NOX4, CYBA, RAC1, RAC2 and NCF4 were analyzed 
regarding mRNA expression using qRT-PCR (Figure 12). GAPDH was used as a reference 
gene. 
For the untreated cells, expression of the subunits NOX4, RAC1, RAC2 and NCF4 was 
significantly higher in the cardiac fibroblasts compared to the skin fibroblasts. 
Furthermore, the subunit NCF4 was expressed significantly more strongly in the cardiac 
fibroblasts of the ACT-4 patient carrying the SNP compared to the cardiac fibroblasts of 
the DCM-1 patient without the SNP.  
When treated with DOX, the cardiac fibroblasts of both ACT-4 and DCM-1 reacted with a 
non-significant increase in the expression of NOX2 and RAC2, while the expression of 
NOX4 in DCM-1 and RAC1 in ACT-4 and DCM-1 was non-significantly decreased. 
CYBA expression in the cardiac fibroblasts was decreased at a DOX concentration of 
0.1 µM and subsequently increased again at 0.25 µM. 
The NADPH oxidase subunit mRNA expression in the skin fibroblasts remained nearly 
unchanged upon DOX treatment, except for a slight decrease in the expression of the 
subunits NOX4, RAC1 and RAC2 at 0.25 µM DOX. The mRNA of the subunits NOX2 
and NCF4 was not detectable in the skin fibroblasts. 
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Figure 12: Relative mRNA expression of NADPH oxidase subunits in human 
fibroblasts. qRT-PCR data for genes NOX2, NOX4, CYBA, RAC1, RAC2, NCF4 in 
cardiac fibroblasts from the ACT-4 patient (CF ACT), cardiac fibroblasts from the DCM-1 
patient (CF DCM) and skin fibroblasts from the DCM-1 patient (SF) under basal condition 
(-) and different concentrations of DOX (0.1 µM and 0.25 µM). n=3 biological replicates 
(samples from three different passages per cell type) for each measurement. 
To study protein expression of the NADPH oxidase subunits in the cardiac and skin 
fibroblasts, Western blotting was performed with whole cell samples for the subunits 
NOX4 and RAC2. NOX2 was not detectable in the whole cell protein, but was 
successfully blotted using membrane fraction samples. The membrane fraction samples 
were shown in relation to the amount of protein loaded in µg due to varying loads between 
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NOX2 showed a tendency for increased expression after DOX treatment in all analyzed 
cardiac fibroblasts, although without significance. The expression level overall was lower in 
the ACT-4 patient compared to the DCM-1 patient. The skin fibroblast reacted to DOX 
treatment in a similar way, although the increase in expression from 0.1 µM to 0.25 µM 
DOX concentration was not evident (Figure 13). 
NOX4 was significantly decreased in the cardiac fibroblasts of the DCM-1 patient at a 
DOX treatment concentration of 0.25 µM, while the cardiac fibroblasts of the ACT-4 
patient remained nearly unchanged. RAC2 was significantly more highly expressed in the 
cardiac fibroblasts compared to the skin fibroblasts in the untreated cells, but there was no 
significant change after DOX treatment (Figure 14).  
 
Figure 13: Protein expression of NADPH oxidase subunits in the membrane 
fraction of human fibroblasts. Western blot analysis of NOX2 in the membrane fraction 
of cardiac fibroblasts from the ACT-4 patient (CF ACT), cardiac fibroblasts from the 
DCM-1 patient (CF DCM) and skin fibroblasts from the DCM-1 patient (SF) under basal 
condition (-) and different concentrations of DOX (0.1 µM and 0.25 µM) for 24h. n=2 
biological replicates. A: Relative protein expression normalized to the amount of protein 
loaded. B: Western blot image of NOX2 used for quantification and of p22 (n=1). 
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Figure 14: Protein expression of NADPH oxidase subunits in human fibroblasts. 
Western blot analysis of NOX4 and RAC2 in cardiac fibroblasts from the ACT-4 patient 
(CF ACT), cardiac fibroblasts from the DCM-1 patient (CF DCM) and skin fibroblasts 
from the DCM-1 patient (SF) under basal condition (-) and different concentrations of 
DOX (0.1 µM and 0.25 µM) for 24h. n=3 biological replicates. A: Relative protein 
expression normalized to GAPDH as a reference protein. B: Western blot images used for 
quantification. 
In conclusion, NADPH oxidase subunit expression was analyzed in cardiac and skin 
fibroblasts on mRNA and protein level. Subunits RAC2 and NCF4 were expressed 
significantly more highly in the cardiac fibroblasts compared to the skin fibroblasts. 
As an immediate response to DOX treatment, there is an increase in the expression of 
NOX2 on protein and mRNA level in the ACT patient. NOX4 was downregulated on 
protein and mRNA level in the DCM patient, while no change was found in the ACT 
patient. 
3.4.2 Cardiac tissue of patients with end-stage heart failure 
As the critical form of ACT manifests itself as chronic heart failure, a later time point in 
disease progression is also of interest for investigation. Therefore, the expression of 
NADPH oxidase subunits in patients with end-stage heart failure receiving heart 
transplantation therapy was also investigated. Left ventricle tissue of five patients with a 
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dilative cardiomyopathy after anthracycline chemotherapy, three patients with a dilative 
cardiomyopathy of other origins and three healthy controls was analyzed for expression of 
NADPH oxidase subunits NOX2, NOX4, CYBA, RAC1, RAC2, NCF1, NCF2 and NCF4 
on mRNA level (Figure 15). GAPDH was used as a reference gene.  
In comparison to the healthy controls, the expression of subunits NOX2, RAC1, RAC2, 
NCF1, NCF2 and NCF4 were all, although non-significantly, decreased in the patients with 
ACT, while they were increased in the patients with a DCM of other origins. In contrast, 
NOX4 and CYBA were non-significantly increased in the ACT patients when compared to 
the healthy controls.  
 
Figure 15: Relative mRNA expression of NADPH oxidase subunits in human 
cardiac tissue. qRT-PCR data for genes NOX2, NOX4, CYBA, RAC1, RAC2, NCF1, 
NCF2 and NCF4 in human cardiac tissue of ACT patients (ACT, n=5), DCM patients 
(DCM, n=3) and healthy non-failing controls (NF, n=3). GAPDH was used as a reference 
gene. 
Protein expression was also studied in whole cardiac tissue with Western blotting for 
NOX2, NOX4 and RAC2 (Figure 16). As the Western blot images for NOX2 showed lots 
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NOX4 expression was again increased in the ACT patients when compared to DCM 
patients and healthy controls. RAC2 expression was decreased in ACT and DCM patients 
compared to the healthy controls. 
 
Figure 16: Protein expression of NADPH oxidase subunits in human cardiac tissue. 
Western blot analysis of NOX4 and RAC2 in human cardiac tissue of ACT patients (ACT, 
n=5), DCM patients (DCM, n=3) and healthy non-failing controls (NF, n=3). GAPDH 
was used as a reference protein. A: Relative protein expression normalized to GAPDH as a 
reference protein. B: Representative Western blot images used for quantification. 
In summary, NADPH oxidase subunit expression was analyzed in human cardiac tissue on 
mRNA and protein level. Expression levels for the subunits differ between ACT patients, 
DCM patients and healthy controls. 
3.5 DOX-triggered production of  ROS in human cardiac fibroblasts 
The previously investigated NADPH oxidase is an enzyme complex producing different 
species of ROS. As described in 1.1.5.1, the production of ROS leading to oxidative stress 
is discussed as one of the main pathomechanisms leading to ACT manifestation. 
Therefore, to explore a potential role of cardiac fibroblasts in ACT development, ROS 
production upon DOX treatment in the human cardiac fibroblasts was investigated in this 
project. 
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3.5.1 Extracellular hydrogen peroxide production 
Cardiac fibroblasts of the ACT-4 and the DCM-1 patient and skin fibroblasts from the 
DCM-1 patient were treated with 0.1 µM, 0.25 µM and 1 µM DOX in human fibroblast 
medium for 24 hours, respectively. Extracellular H2O2 levels were then assessed using the 
Amplex Red Peroxidase Assay (Figure 17).  
The amount of H2O2 in the supernatant is dependent on the number of cells. 
Consequently, for an ideal measurement every condition and cell line should have the same 
number of cells. This was not feasible, because the human fibroblasts proliferate in 
different rates depending on cell line and treatment intensity. To address this problem, a 
replica of the experiment was run simultaneously and used to quantify the cell count 
instead of measuring ROS production. This data was used to normalize ROS levels to the 
number of cells. 
H2O2 production in the untreated human fibroblasts was significantly higher in the cardiac 
fibroblasts compared to the skin fibroblasts. Furthermore, the cardiac fibroblasts of the 
ACT-4 patient produced significantly higher amounts than the cardiac fibroblasts of the 
DCM-1 patient (Figure 17, A).  
Upon DOX treatment all fibroblasts reacted with a significant increase in H2O2 production 
with rising DOX concentrations of up to 0.25 µM, while at a concentration of 1 µM H2O2 
production went down again, suggesting an apoptotic effect of DOX treatment at 1 µM 
(Figure 17, B). Peak H2O2 levels at 0.25 µM Dox were significantly higher in the cardiac 
fibroblasts of the ACT-4 patient compared to the cardiac fibroblasts of the DCM-1 patient 
and the skin fibroblasts (Figure 17, A).  
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Figure 17: Extracellular H2O2 production of human fibroblasts. Relative Amplex Red 
Assay data for cardiac fibroblasts from the ACT-4 patient (CF ACT), cardiac fibroblasts 
from the DCM-1 patient (CF DCM) and skin fibroblasts from the DCM-1 patient (SF) 
under basal condition (-) and different concentrations of DOX (0.1 µM, 0.25 µM, 1 µM). 
Number of cells was used for normalization. n=3 biological replicates for each 
measurement.  
In conclusion, extracellular H2O2 production was measured in human fibroblasts upon 
DOX treatment. The production of H2O2 was increased until 0.25 µM DOX. Also, H2O2 
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3.5.2 Superoxide production in the membrane fraction 
Cardiac fibroblasts of the ACT-4 patient and the DCM-1 patient and skin fibroblasts from 
the DCM-1 patient were once again treated with 0.1 µM and 0.25 µM DOX for 24 hours in 
HFBM and subsequently separated into the different cell fractions. The membrane fraction 
was then used to assess superoxide production using the turnover of DHE to 2-EOH 
measured by HPLC (see 2.2.8) (Figure 18).  
To ensure equal cell numbers for the different treatment conditions and cell lines, 
measured growth rates of the different cell lines and treatment conditions from the Amplex 
Red Assay experiment were used to calculate the number of cells that needed to be plated 
for equal cell numbers after treatment. SOD was used as a superoxide scavenger to confirm 
test specifity for the measurement of superoxide. The signal of 2-EOH was significantly 
decreased to near baseline in the presence of SOD, independent of the used concentrations 
of DOX. 
Superoxide production was increased upon DOX treatment in the cardiac and skin 
fibroblasts. The highest increase was found in ACT-4 with a 3-fold induction after 0.25 µM 
of DOX compared to basal conditions. In DCM-1 we found a 2-fold increase of 
superoxide production, whereas SF showed a low increase after DOX treatment. Of note, 
the variance in signal strength was high in skin fibroblasts resulting in high standard errors 
of the mean. 
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Figure 18: Superoxide production in the membrane fraction of human fibroblasts. 
HPLC measurements of 2-EOH and DHE production as a marker of superoxide levels in 
membrane fractions of ACT-4 cardiac fibroblasts (CF ACT), DCM-1 cardiac fibroblasts 
(CF DCM) and skin fibroblasts from DCM-1 (SF) under basal condition (-) and after 
doxorubicin treatment (0.1 µM, 0.25 µM). Each treatment condition was also measured 
with superoxide dismutase (SOD) as a negative control. n=2 biological replicates for each 
measurement. 
By measuring 2-EOH production with and without NADPH in the incubation mix with 
DHE it was possible to assess the relative NADPH contributable amount of superoxide 
(Figure 19). Strikingly, NADPH appeared to not play a role in superoxide production in the 
untreated cells, but only contributed upon DOX treatment. This was detectable for cardiac 
and skin fibroblasts without measurable differences between the two groups. This data 
suggests that the NADPH oxidase 2 becomes activated after cells are treated with DOX. 







































Figure 19: NADPH contributable superoxide production in the membrane fraction 
of human fibroblasts. Relative NADPH-contributed 2-EOH production as a marker for 
superoxide levels in membrane fractions of ACT-4 cardiac fibroblasts (CF ACT), DCM-1 
cardiac fibroblasts (CF DCM) and skin fibroblasts from DCM-1 (SF) under basal condition 
(-) and different concentrations of doxorubicin (0.1 µM, 0.25 µM). n=2 biological replicates 
for each measurement. 
To summarize, superoxide production was assessed in the membrane fraction of human 
fibroblasts upon DOX treatment. DOX lead to an increase in superoxide levels. 
Meanwhile, NADPH contributable superoxide production was only measurable when 
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4 Discussion 
Patients receiving anthracycline chemotherapy are highly impaired in their outcome by the 
momentous side effect of anthracycline-induced cardiotoxicity. ACT is a cumulative, dose-
dependent damage of the heart leading to symptomatic heart failure in 6 to 9 % of all 
patients (Lotrionte et al. 2013; Cardinale et al. 2015). The symptomatology ranges from a 
slight reduction of left ventricular ejection fraction to end-stage heart failure in the form of 
dilative cardiomyopathy (Rahman et al. 2007). Preventive and therapeutic strategies are 
scarce due to a lack of knowledge about molecular mechanisms causing cardiotoxicity. The 
creation of ROS, inhibition of TOP2ß and mitochondrial dysfunction have been reported 
to cause the histopathological changes including cardiomyocyte apoptosis, myofibril loss 
and cardiac fibrosis (Unverferth et al. 1983; Doroshow et al. 1985; Lebrecht et al. 2005; 
Ichihara et al. 2007; Lyu et al. 2007). Another research target is the NADPH oxidase, as it 
is a major player in ROS production and ACT-associated SNPs have been found in three 
different subunits of the enzyme complex (Wojnowski et al. 2005). So far, most studies 
used animal models and focused on cardiomyocytes leaving out non-cardiomyocyte cells in 
the highly complex and multifactorial development of ACT. Cardiac fibroblasts are the 
largest non-cardiomyocyte population in the heart and an increasing number of functions 
in homeostasis and heart damage are being reported (Weber et al. 2013). Recent studies 
even suggested a role in ACT manifestation (Zhang et al. 2016). The aim of this thesis was 
to investigate the contribution of cardiac fibroblasts to the development of ACT in terms 
of NADPH oxidase subunit expression and ROS production.  
Human cardiac fibroblasts of an ACT patient and a DCM patient were isolated from 
human cardiac tissue of freshly transplanted hearts and characterized in morphology, 
proliferation and expression of fibroblast markers on mRNA and protein level in order to 
be used for ACT research.  
The cells were then analyzed for NADPH oxidase subunit expression on mRNA and 
protein level upon DOX treatment. Subunits RAC2 and NCF4 were expressed significantly 
more strongly in the cardiac fibroblasts compared to the skin fibroblasts. As an immediate 
response to DOX treatment, there was an increase in the expression of NOX2 on protein 
and mRNA level in the ACT patient. NOX4 was downregulated on protein and mRNA 
level in the DCM patient, while no change was found in the ACT patient.  
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Also, ROS production was analyzed upon DOX treatment using the Amplex Red assay for 
the measurement of extracellular hydrogen peroxide production and the DHE-HPLC assay 
for the measurement of superoxide production of the membrane fraction. Production of 
H2O2 was increased until a concentration 0.25 µM DOX and baseline H2O2 levels were 
higher in cardiac fibroblasts compared to skin fibroblasts. DOX treatment also lead to an 
increase in superoxide levels and NADPH contributable superoxide production was only 
measurable when triggered with DOX treatment. 
Additionally, cardiac tissue from ACT and DCM patients was used to assess the degree of 
fibrosis and expression of NADPH oxidase subunits in end-stage heart failure compared to 
healthy controls. ACT and DCM patients showed significantly larger fibrotic areas 
compared to healthy control tissue and expression levels for the subunits differed between 
ACT patients, DCM patients and healthy controls. 
4.1 Fibrosis in human cardiac tissue from ACT patients, DCM 
patients and controls 
To characterize the disease phenotype of the tissue used for analysis as well as to establish 
the necessity of investigating cardiac fibroblasts, the degree of fibrosis was analyzed in 
human cardiac tissue of ACT patients, DCM patients and healthy non-failing controls. The 
sliced tissue was stained with Masson’s trichrome staining and areas of fibrosis were 
quantified by virtual microscopy. 
The increased areas of fibrosis in ACT and DCM patients compared to healthy controls 
found in this study accord with early disease phenotype depictions by Unverferth et al. 
1983 and Doroshow et al. 1985. The proposed histopathological changes have been widely 
accepted in the field of ACT research. Still, most studies investigating ACT have focused 
on the cardiomyocyte as the functional cell in the heart and its response to DOX 
treatment, while the effect of anthracyclines on cardiac fibroblasts and other non-myocyte 
cells of the heart remains unclear. Fibrotic remodeling of the myocardium may be a key 
part of ACT development and lead to the described end-stage heart failure in the form of 
dilative cardiomyopathy as fibrosis impairs cardiac function and contractility.  
The increase of mean fibrotic areas in ACT tissue to 24.2 % and 23 % in DCM tissue from 
8.5 % in the healthy heart roughly concur with results found by investigating human 
endomyocardial biopsies from patients with DCM showing 18.7 % in patients against 13 % 
in healthy controls (Di et al. 2000). The degree and distribution of fibrotic areas appear to 
be similar in the groups of ACT and DCM patients. Considering the fibrotic phenotype of 
ACT, the investigation of fibroblasts seems worthwhile. 
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4.2 Isolation and characterization of  human cardiac fibroblasts 
To investigate the working hypothesis that cardiac fibroblasts contribute to ACT 
development via ROS production and react to anthracycline treatment with expression 
changes of the NADPH oxidase subunits, the establishing of a cell culture platform was 
necessary. Cells isolated from left ventricle tissue needed to be characterized to substantiate 
the assumption of being cardiac fibroblasts. 
The cells used in this study showed morphological characteristics of fibroblasts such as 
large, roughly triangular cell bodies, big nuclei and irregular cell protrusions connecting the 
cells (Figure 7). These qualities speak against other cell types of the heart like endothelial 
cells, which are small and fusiform to polygonal, and cardiomyocytes, which are thin and 
elongated (Cormack 2001). Proliferation can also be counted to fibroblast characteristics 
and was quantifiable for all of the cells used (Figure 8).  
There are various markers that have been reported to be specific for fibroblasts in general 
or cardiac fibroblasts specifically. In this study, FSP-1 and COL1 have been used to ensure 
the fibroblast cell type against cardiomyocytes, while α-SMA, TCF-21 and POSTN were 
used to differentiate cardiac fibroblasts against fibroblasts in general (Figure 9).  
FSP-1 and COL1 were highly expressed in the isolated cardiac fibroblasts and the healthy 
cardiac fibroblasts (Figure 9). This is in line with published work by Strutz et al. 1995, who 
have shown that the mRNA expression of FSP-1 distinguished the fibroblasts from 
cardiomyocytes. Furthermore, COL1 was expressed on mRNA and protein level in the 
fibroblasts, as expected (Zeisberg et al. 2007).  
In contrast to other types of fibroblasts, the differentiation of cardiac fibroblasts can be 
difficult at times. A gene that was reported to have a high expression in cardiac fibroblasts 
is TCF-21 (Kanisicak et al. 2016). The expression levels found in this study underline the 
assumption of the isolated cells being cardiac fibroblasts when compared to the 
commercial cardiac fibroblasts and skin fibroblasts. As described in 1.2.1, cardiac 
fibroblasts turn into myofibroblasts when cultured in vitro. Early on, an increase in α-SMA 
expression was found for the activated cardiac fibroblasts (Leslie et al. 1991) and the 
immunocytochemistry pictures from this study show α-SMA to be expressed more highly 
in cardiac fibroblasts than in skin fibroblasts (Figure 10). Kaur et al. 2016 reported POSTN 
to be a superior marker compared to α-SMA and other tested genes for the myofibroblast 
cell type. The analysis in this study substantiates this claim as POSTN expression was high 
in the cultured cardiac fibroblasts, but very low in skin fibroblasts or cardiomyocytes.  
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Consequently, the isolated cells were declared cardiac fibroblasts for further experiments in 
ACT research. Furthermore, these data suggest that genes TCF-21 and POSTN are suitable 
to differentiate cardiac fibroblasts from skin fibroblasts. 
4.3 NADPH oxidase SNPs 
The unexplained high interindividual variance in ACT manifestation might be related to 
genetic predisposition. The associated SNPs in the NADPH oxidase subunits CYBA, 
RAC2 and NCF4 evaluated by the meta-analysis of Leong et al. 2017 are among the most 
promising gene variants. However, Wojnowski et al. 2005 also concluded that, while 
statistical relevance is given, the low specificity of the SNPs restricts pretherapeutic risk 
stratification via genotype diagnosis as the potential of unjustly depriving patients of 
possibly life-saving anthracycline therapy is too high. On the other hand, further 
investigation of functional consequences of the associated genetic variants might provide 
insights into molecular mechanisms contributing to ACT development. 
The small number of patients included in this study limits any conclusion about the validity 
of allele distribution found (Table 12 and Table 13). The patient material was obtained 
without knowledge of genotype and it is notable that nearly all patients were homozygous 
for the potentially predisposing SNP in the NADPH oxidase subunit RAC2 even though 
the homozygous frequency in the German population was reported at 15 %. Additionally, 
nearly all patients carried the SNP in CYBA with a SNP frequency in the German 
population of 55 % (Wojnowski et al. 2005). The SNP in NCF4 was found in four out of 
six ACT patients, supporting the conflicting results of statistical relevance found in a lot of 
studies included by Leong et. al. 2017.  
In conclusion, the genotyping results found in this study resemble preliminary gene studies 
in similar ACT cohorts (Wojnowski et al. 2005; Reichwagen et al. 2015; Leong et al. 2017). 
Genotype differences between the patients can be taken into consideration when 
interpreting the results of expression analysis and ROS production, although more 
conclusive data about functional consequences of the SNPs for enzyme activity is pending. 
4.4 NADPH oxidase subunit expression 
4.4.1 Human cardiac fibroblasts 
The working hypothesis that human cardiac fibroblasts play a distinct role in ACT 
development through the NADPH oxidase was investigated by NADPH oxidase subunit 
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expression analysis. To our knowledge, this is the first study of the NADPH oxidase 
subunits in human cardiac fibroblasts in anthracycline treatment. 
When comparing expression levels in the untreated cells, there were significant differences 
between the cardiac fibroblasts and the skin fibroblasts (Figure 12 and Figure 14). The 
subunit RAC2 was expressed significantly more highly on protein and mRNA level in cells 
from cardiac origin, which was also found for NCF4 on mRNA level. The subunit NOX4 
showed a significantly higher expression in cardiac fibroblasts on mRNA level, but was 
similarly expressed in all cell types on protein level. These findings might indicate variations 
in NADPH oxidase function in different types of fibroblasts. For example, Cucoranu et al. 
2005 reported that fibroblast transition into myofibroblasts by transforming growth factor-
ß1 might be mediated by the NADPH oxidase 4. Further insights into NADPH oxidase 
function in cardiac fibroblasts are pending. 
Additionally, NCF4 expression on mRNA level was significantly more strongly in cardiac 
fibroblasts from the ACT patient carrying both alleles with the SNP associated with ACT 
than in the cardiac fibroblast of the DCM patient without the SNP. This concurs with a 
publication of Schirmer et al. 2008, which reported a significantly higher expression of the 
subunits RAC2 and NCF4 in leukocytes of donors with the ACT-associated allele of the 
RAC2 SNP described in this study. The difference in expression in fibroblasts could 
possibly contribute to the reported association of the SNP with cardiac fibrosis (Cascales et 
al. 2013). However, as functional consequences of the mutation are not fully understood, 
additional investigation is needed. 
The cells were also treated with 0.1 µM and 0.25 µM DOX for 24 hours to study the acute 
reaction to anthracycline treatment. The expression of subunit NOX2 was increased upon 
treatment. The cardiac fibroblasts showed an increase on mRNA level, while both cardiac 
and skin fibroblasts showed an increase on protein level. The increased expression of 
NOX2 might indicate that the catalytic subunit contributes to heart damage through 
cardiac fibroblasts. These data are in line with a previous study by Zhao et al. 2010 showing 
NOX2 and NOX4 upregulated after DOX treatment in mice heart tissue. The contribution 
of NOX2 to various pathomechanisms of heart failure including cardiac fibrosis has 
preliminarily been resumed by Zhang et al. 2013. The data from this study suggests this 
might be in part through direct enzyme regulation in the cardiac fibroblasts. 
The subunit RAC2 was significantly increased in the cardiac fibroblasts after DOX 
treatment, but not in the skin fibroblasts on mRNA level, although this effect was not 
found on protein level. So far, increased activity in heart failure has only been described for 
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RAC1 (Maack et al. 2003). The role of RAC2 outside of leukocytes is still up to debate. 
However, the associated SNP in the subunit indicates RAC2 being important in one way or 
the other. 
Also, the subunit NCF4, encoding p40phox, was increasingly expressed upon treatment in 
the cardiac fibroblasts. The consequence of this finding is unclear, as the function of NCF4 
has been reported to be depending on phosphorylation and subunit interaction (Fan et al. 
2009). P40phox is part of the NADPH oxidase and its function is controversially discussed 
in the literature. Brandes et al. 2014 described that phosphorylation of p67phox and an 
activation of RAC1/2 is required for activation of NOX2. Phosphorylated p47phox 
supports the binding of p67phox to NOX2, but in absence of p47phox, p40phox has been 
reported to activate NOX2 expression (Fan et al. 2009). However, this DOX-induced 
increase of NCF4 might be associated to the reported association of the NCF4 SNP with 
cardiac fibrosis (Cascales et al. 2013). 
Lastly, the subunit NOX4 was decreasingly expressed on mRNA and protein level upon 
treatment in the cardiac fibroblasts of the DCM patient. However, this effect was not 
evident in the cardiac fibroblast of the ACT patient. As mentioned before, NOX4 has been 
described to mediate myofibroblast activation (Cucoranu et al. 2005). The lack of decrease 
of NOX4 expression might indicate that the cardiac fibroblasts of the ACT patient are 
being activated.  
As anthracycline treatment effects transcription, it might also be worth to investigate 
NADPH oxidase subunit expression in human cardiac fibroblasts upon mechanical stress 
for it might provide insight into fibroblast behavior in the development of delayed chronic 
ACT. Furthermore, the effect of subunit expression on enzyme activity and potential 
consequences needs to be studied further to properly understand the role of the NADPH 
oxidase in cardiac fibroblasts in ACT. All in all, this study showed tendencies of expression 
changes for NADPH oxidase subunits making the enzyme complex a promising target for 
ACT research in cardiac fibroblasts. 
4.4.2 End-stage heart failure tissue 
The analysis of NADPH oxidase subunit expression in tissue of end-stage heart failure 
patients diagnosed as either ACT or DCM provided insights into different time points of 
the disease (Figure 15 and Figure 16). It has to be noted though that both mRNA as well as 
protein was isolated from whole tissue samples. Therefore, potential disturbances of the 
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measurement due of leukocyte infiltration in the myocardium have to be considered and 
the results evaluated accordingly. 
Interestingly, while the mRNA expression of the subunits NOX2, RAC1, RAC2, NCF1, 
NCF2 and NCF4 was elevated in DCM patients compared to healthy controls, as reported 
for example by Kuroda and Sadoshima 2010, the expression was decreased in the ACT 
patients. These findings imply that the NADPH oxidase subunit might behave differently 
in the development and manifestation of ACT compared to dilative cardiomyopathies of 
other origins. Especially the strikingly low expression of NOX2 in the ACT patients is 
surprising, as the subunit has been reported to contribute to ACT manifestation via ROS 
production (Zhao et al. 2010). A possible explanation might be that following stimulation 
of NOX2 activity during acute ACT-induced cardiac damage, the subunit is subsequently 
downregulated in expression in the end-stage heart failure phenotype. 
Contrary, NOX4 is expressed more highly in the tissue of the ACT and DCM patients 
compared to healthy controls on protein and mRNA level. As the NADPH oxidase 4 is 
constitutively active and therefore upregulated by expression this might mean higher 
hydrogen peroxide levels in the cardiac tissue of ACT patients. The extended degree of 
fibrosis in ACT and DCM tissue is possibly mediated by the NADPH oxidase 4 (Cucoranu 
et al. 2005).  
Since RAC1 and RAC2 show a reduced expression in ACT and DCM cardiac tissue 
compared to healthy controls, but are highly expressed in cFBs of the ACT and DCM 
patients, the main function seems to be associated to cFBs instead of cardiomyocytes. 
Ultimately, this study found differences in expression levels for the NADPH oxidase 
subunits between ACT patients, DCM patients and healthy controls. Unfortunately, the 
production of ROS was not measurable in frozen tissue, but would be a promising target to 
study for oxidative stress levels in chronic ACT. This might support the hypothesis from 
Carvalho et al. 2014 of a cycle of cardiac damage with mitochondrial DNA damage and 
ROS production.  
4.5 Production of  ROS in human cardiac fibroblasts upon 
anthracycline treatment 
When investigating the involvement of human cFBs in the development of ACT, the 
production of ROS as a major pathomechanism has to be evaluated. Due to their high 
reactivity, short lifespan and fluent conversion into each other the measurement of reactive 
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oxygen species is challenging. This study used the Amplex Red assay for extracellular 
hydrogen peroxide and DHE-HPLC for superoxide production in the membrane fraction. 
The approach had the advantage of a possible connection to the NADPH oxidase data 
discussed earlier, as hydrogen peroxide is produced by the NADPH oxidase 4 and 
superoxide is produced by the NADPH oxidase 2. Ultimately, the working hypothesis 
should be evaluated whether human cFBs differ from other kinds of fibroblasts in their 
reaction to anthracycline treatment and whether cFBs from the ACT patient are more 
sensitive to anthracyclines than cFBs from the DCM patient. The measurement of 
anthracycline-induced ROS production in human cardiac fibroblasts was, to our 
knowledge, performed for the first time in this study.  
4.5.1 Extracellular hydrogen peroxide production 
Upon DOX treatment the fibroblasts showed a significant increase in hydrogen peroxide 
production up to a DOX concentration of 0.25 µM (Figure 17). At 1 µM the hydrogen 
peroxide level was decreased likely due to increased cell death at supratherapeutic 
concentrations and the subsequent lack of functioning cell organelles. These data 
contradict results found by Burridge et al. 2016, who worked with stem cell-derived 
cardiomyocytes and found hydrogen peroxide levels to be increased with rising DOX 
concentrations even above 1 µM. Previously, we were able to show that stem cell-derived 
cardiomyocytes from ACT patients are able to produce increasing H2O2 levels up to DOX 
concentrations of 0.5 µM (unpublished data). The increase in extracellular hydrogen 
peroxide might lead to fibroblast activation via ROS signaling, damage to the ECM and 
disturbed ROS signaling in cardiomyocytes.  
The levels of hydrogen peroxide were significantly higher in cardiac fibroblasts compared 
to skin fibroblasts. These data are in line with the mRNA expression of the NOX4 subunit 
(Figure 12) and support the idea of the NADPH oxidase 4 having a cardiac specific role in 
the fibroblasts. Furthermore, this study implies that cardiac fibroblasts from the ACT 
patient are more sensitive to anthracycline treatment than cardiac fibroblasts from the 
DCM patient in terms of hydrogen peroxide production. Burridge et al. 2016 as well as 
preliminary data from our group reported similar results in stem cell derived 
cardiomyocytes of ACT patients and controls. Due to the limited number of patients used 
in this study, this trend needs further investigation with larger sample numbers. Still, the 
implications resulting from this study back up the working hypothesis. 
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4.5.2 Superoxide production in the membrane fraction 
The NADPH oxidase 2 is a major source of superoxide in the cell and is located in the 
plasma membrane. Therefore, to improve superoxide measurement, the cells were 
separated into the different organelle fractions. The membrane-enriched fraction was then 
used to assess superoxide production upon anthracycline treatment.  
The fibroblasts reacted to anthracycline treatment of 0.1 µM and 0.25 µM with an increase 
in superoxide production. The highest increase was found in the cardiac fibroblasts of the 
ACT patient with a 3-fold induction after 0.25 µM of DOX compared to basal conditions. 
In the cardiac fibroblasts of the DCM patient, we found a 2-fold increase of superoxide 
production, whereas the skin fibroblasts showed a low increase after DOX treatment.  
Furthermore, by incubating the membrane fractions with and without NADPH, it was 
shown that NADPH-contributable superoxide production was only induced upon DOX 
treatment. It is therefore likely that the increase in superoxide levels stems from an 
activation of the NADPH oxidase 2. This particular NADPH oxidase 2-derived ROS has 
been reported to facilitate several pathomechanisms of contractile dysfunction and cardiac 
remodeling in ACT manifestation (Zhao et al. 2010). Furthermore, there are reports of a 
role in cardiomyocyte apoptosis (Gilleron et al. 2009; McLaughlin et al. 2017). There was 
no difference between the types of fibroblasts or the ACT and DCM patient evident in 
these data. Our unpublished data in stem cell derived cardiomyocytes show that DOX 
treatment leads to a higher apoptosis rate, decreased contractile force and higher 
dysregulation of sarcomeric structure in cardiomyocytes from patients compared to healthy 
controls. 
In summary, this study suggests that cardiac fibroblasts contribute to ACT development 
through the production of NADPH oxidase 2-derived superoxide and hydrogen peroxide 
linking the fibroblasts to pathways of cardiac damage, which so far have only been 
described in cardiomyocytes or whole cardiac tissue. It may be of interest to investigate 
how superoxide and hydrogen peroxide affect cardiac fibroblasts specifically as ROS-
mediated damage has preliminarily only been described for cardiomyocytes. Additionally, 
the data suggest a higher sensitivity of cardiac fibroblasts from ACT patients, which should 
be assessed in future research.  
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4.6 Limitations 
The generalisability of the findings from this study are in part restricted by a few limiting 
factors, which in future research building on the data should be addressed and resolved. 
First of all, the study was performed with a small number of patients, due to the difficulties 
of recruiting fresh left ventricle tissue from ACT patients in particular. While this is also a 
strength of the study, as insights into human cells is limited, the use of human cardiac 
material also leads to a shortness of patients. With a small sample size, hampering factors 
such as the diverging genetic background cannot be dismissed as influencing the results 
found in this study. As more material is obtained, the experiments should be repeated with 
more fibroblasts and tissue, reducing the effect of unknown genetic variations. 
Another problem is the cultivation of human cardiac fibroblasts in vitro. As described in 
1.2.1, cardiac fibroblasts transform into the more active myofibroblasts once in culture, 
similar to the reaction to different forms of cardiac stress in vivo. Therefore, the activated 
state of the cardiac fibroblasts in this study may attenuate the stress response found with 
anthracycline treatment. However, this disturbance should not deteriorate the comparison 
between the different fibroblast groups, as they were cultivated in the same way. 
Lastly, the study of isolated cardiac fibroblasts has drawbacks of its own. The myocardium 
is a complex construct consisting of different cardiomyocytes, fibroblasts, extracellular 
matrix, nerves and blood vessels. The interaction of cell types with each other and their 
surroundings is an aspect of homeostasis and pathology that is not represented in this study 
and may be important for understanding the consequences of the increased ROS 
production reported by this investigation.   
4.7 Future perspectives 
Research building on this study could be focused on functional consequences resulting 
from the increased ROS production in human cardiac fibroblasts. Possible directions with 
interesting implications might be protein synthesis capacity, Ca2+handling in cardiac 
fibroblasts and mitochondrial functionality. Especially the regulation and production of the 
extracellular matrix upon anthracycline treatment may be an interesting topic of future 
research.  
Also, the interaction of cardiac fibroblasts and cardiomyocytes in ACT should be 
investigated. The use of the 3D-engineered heart muscle platform for functional 
experiments with induced stem cell-derived cardiomyocytes and the cardiac fibroblasts 
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appears as a promising tool, because the measurement of cardiac function could be 
performed with different combinations of diseased and healthy fibroblasts and 
cardiomyocytes. This would allow conclusions about the contribution of the different cell 
types to the end result of cardiac dysfunction. 
Lastly, the functional consequences of ACT-associated SNPs in the NADPH oxidase 
subunits need further investigation to unravel potentially predisposing mechanisms. 
Genetic modification in the induced stem cell-derived cardiomyocytes with CRISPR/Cas 
might be suitable. 
4.8 Conclusion 
In the first part of the study, proliferating cells were successfully isolated from fresh cardiac 
tissue and characterized as cardiac fibroblasts for ACT research. By combining 
morphology, proliferation and analysis of markers such as POSTN and TCF-21, a 
promising protocol for the distinguishing of cardiac fibroblasts against other types of 
fibroblasts and cardiomyocytes has been established. 
When exposed to anthracycline treatment, the cardiac fibroblasts reacted with an increase 
in the production of ROS and tendencies of expression changes of the NADPH oxidase 
subunits. Especially the increase in superoxide levels and NOX2 expression is likely linked. 
These findings suggest that cardiac fibroblasts contribute to ACT development themself 
and not only to the manifestation of the fibrotic phenotype following cardiomyocyte 
apoptosis. Differences between cardiac fibroblasts and skin fibroblasts were found for 
hydrogen peroxide production and the expression of certain NADPH oxidase subunits 
supporting the working hypothesis of a distinct role of cardiac fibroblasts in ACT-linked 
pathomechanisms. The other working hypothesis that ACT cardiac fibroblasts are more 
sensitive to anthracycline treatment was only found in the hydrogen peroxide 
measurements, but not in the other experiments. 
The NADPH oxidase subunit expression was analyzed in cardiac fibroblasts as an acute 
reaction and in whole cardiac tissue for chronic ACT. Differences between the ACT 
patients, DCM patients and healthy controls endorse the enzyme as a promising target for 
ACT research, especially in the context of functional consequences of anthracycline 
treatment and ACT-associated SNPs. 
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5 Summary 
A momentous side-effect of the treatment with anthracyclines like doxorubicin (DOX) is 
the cumulative, dose-dependent damage of the heart. The chronic anthracycline-induced 
cardiotoxicity (ACT) leads to the development of symptomatic heart failure in 6 to 9 % of 
all patients treated and is greatly impairing patient outcome. The search for preventive and 
therapeutic strategies has yielded little success so far as molecular mechanisms are not fully 
understood. The production of reactive oxygen species (ROS), mitochondrial dysfunction 
and topoisomerase 2β inhibition have been proposed as parts of the complex and 
multifactorial disease model. The aim of this study was to investigate the potential role of 
cardiac fibroblasts in ACT development in terms of ROS production and NAPDH oxidase 
subunit expression. 
Human cardiac fibroblasts (cFB) were isolated from fresh cardiac tissue after heart 
transplantation from an ACT and a dilative cardiomyopathy (DCM) patient. Isolated cFBs 
show morphological characteristics, high proliferation capacity and expression of typical 
cardiac fibroblast markers as periostin, transcription factor 21 and α-smooth muscle actin 
in qRT-PCR and immunocytochemistry experiments.  
To analyze the acute reaction to anthracycline treatment, cFBs were exposed to 0.1 or 0.25 
µM DOX for 24 hours and analyzed regarding the expression of NADPH oxidase subunits 
on mRNA level via qRT-PCR and on protein level via Western blot. Subunits RAC2 and 
NCF4 were expressed significantly more highly in cardiac fibroblasts compared to skin 
fibroblasts. As an immediate response to DOX treatment, tendencies of expression 
changes were found for NOX2, NOX4, RAC2 and NCF4. Additionally, the expression of 
NADPH oxidase subunits in tissue of chronic heart failure patients was studied showing 
that expression levels for the subunits differed between ACT patients, DCM patients and 
healthy controls. 
DOX-dependent production of ROS in cFBs was assessed using the Amplex Red reagent 
for hydrogen peroxide and DHE-HPLC for superoxide. DOX concentrations of 0.1 to 
0.25 µM DOX caused a dose-dependent significant increase of ROS. Also, hydrogen 
peroxide levels were higher in cardiac fibroblasts compared to skin fibroblasts and 
NADPH-contributable superoxide production was only measurable when the cells were 
triggered with DOX treatment. 
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In conclusion, this study suggests that cardiac fibroblasts contribute to ACT development 
and not only to the manifestation of the fibrotic phenotype following cardiomyocyte 
apoptosis. Also, the NADPH oxidase appears to be a promising target for further research 
based on the expression changes and differences found in this study. 
6 Appendix 66 
6 Appendix 
Table A1: Mean CT-values of qRT-PCR experiments for fibroblast characterization 
(Figure 9) 
Gene Mean CT-value 
COL1 20,1 
FSP-1 21,83 





Table A2: Mean CT-values of qRT-PCR experiments for cardiac and skin fibroblasts 
(Figure 12) 
Gene Mean CT-value 
CYBA 22,16 







6 Appendix 67 
Table A3: Mean CT-values of qRT-PCR experiments for cardiac tissue (Figure 15) 
Gene Mean CT-value 
CYBA 28,48 











Figure A1: Ponceau red staining of the western blot experiments for cardiac and 
skin fibroblasts (Figure 14) 
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Figure A2: Protein expression of NOX4 in human fibroblasts. Full western blot image 
from Figure 14. 
 
 
Figure A3: Protein expression of RAC2 in human fibroblasts. Full western blot image 
from Figure 14. 
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Figure A4: Protein expression of GAPDH in human fibroblasts. Full western blot 
image from Figure 14. 
 
 
Figure A5: Protein expression of NOX2 in the membrane fraction of human 
fibroblasts. Full western blot image from Figure 13. 
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Figure A6: Protein expression of p22 in the membrane fraction of human 
fibroblasts. Full western blot image from Figure 13. 
 
Figure A7: Ponceau red staining of the western blot experiments for cardiac tissue 
(Figure 16) 
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Figure A8: Protein expression of NOX4 in human cardiac tissue. Full western blot 
image from Figure 16. 
 
Figure A9: Protein expression of RAC2 in human cardiac tissue. Full western blot 
image from Figure 16. 
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Figure A10: Protein expression of GAPDH in human cardiac tissue. Full western blot 
image from Figure 16. 
 
Figure A11: Fold change in superoxide production from basal level to 0.25µM DOX in 
membrane fractions of ACT-4 cardiac fibroblasts (CF ACT), DCM-1 cardiac fibroblasts 
(CF DCM) and skin fibroblasts from DCM-1 (SF) n=2 biological replicates for each 
measurement. 
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